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ANTENNA ELEMENTS FOR INTEGRATED PHASED ARRAYS

Daniel H. Schaubert, R.W, Jackson, and D.M. Pozar
Department of Electrical and Computer Engineering
University of Massachusetts
Amherst, MA 01003

ABSTRACT

Monolithic integrated antennaé on GaAs have been studied for
use in millimeter wave phased arrays. A number of potential
problems, including surface wave effects and available area for
circuit and antenna layout, have led to the consideration of antenna
and circuit structures that utilize different surfaces and
substrates for these two functions. There is no need for via
connections between the feed circuit and the radiating elements
because effective means of electromagnetic coupling are utilized.
Two particular antennas will be described: 1) aperture-coupled
patch and 2) slot-fed dipoles. Both of these antenna/circuit
structures can use a GaAs substrate for active devices and circuits
while using a lower permittivity substrate for the radiating
elements. The aperture-coupled patch utilizes microstripline for
the feed network, and a ground plane {solates the feed network from
the radiating aperture. The slot-fed dipoles can utilize coplanar
waveguide for the feed network. The paper will include experimental

results and some calculated results, with emphasis on how the

antennas perform.
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1.0 INTRODUCTION

Integrated phased array systems consisting of a large number of
elements and operating at millimeter wavelengths have motivated many
antenna developments in recent years. Reduced cost, increased
reliability, and performance are some of the reasons for
investigating monolithic and integrated structures, and the high
level of integration of active and passive components in these
structures makes them different from most systems that have been
developed to date. The coexistance of these components requires the
use of substrates, transmission lines, and circuit designs that have
not been necessary at lower frequencies in modular units. Another
feature of these integrated structures is the large number of
control and power supply circuits that must be included. All of
these features contribute to a very dense packing of components that
is difficult to achieve at best and is usually detrimental to system
performance.

In this paper, two types of antenna elements are described.
These elements are integrable with monolithic circuits, but do not
reside on the same substrate surface as the circuits, which reduces
component crowding. Coupling to the radiating element is via the
electromagnetic fields so that no via connections {(plated through
holes) are needed. An added advantage of these antennas is that
different substrates can be used for the active circuits and the
radiators., This can help to alleviate surface wave and scan

blindness effects that have been predicted for printed antenna

arrays on GaAsT-u.
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The antenna elements that are described below are a microstrip
patch radiator coupled to a microstripline via an aperture in their

5,6 and a printed dipole coupled to a slotline in

common ground plane
its ground plane. Another version of the latter antenna is a dipole
pair coupled to a coplanar waveguide. Measured impedance and
radiation properties of these antennas are presented and, for the
aperture coupled patch, computed parameter studies provide useful
design data.

2.0 APERTURE-COUPLED PATCH

The structure of the aperture coupled patch antenna is shown in
Figure 1. The patch is resonant and radiates effectively into the
upper half space, whereas the aperture is smaller than resonant
dimensions and does not radiate much power into the lower half
space. The operating frequency of the antenna is determined by the
patch dimensions and the input impedance can be controlled by the
aperture size and stub length.

An analysis of the structure in Figure 1 has been performed by
solving the coupled integral equations for the fields in the upper
and lower regions. The method of moments is used along with Green's
functions for the grounded dielectric slab [7]. The computations
are quite time consuming, requiring 30 minutes per data point on a
VAX 11/750, but many useful design studies have been completed,.

Typical impedance data are shown in Figure 2 for 3 different
stub lengths. The reference plane i3 located at the center of the
aperture. For all impedance plots, measured results are plotted as

solid lines and calculated results are plotted as dashed lines.

.....
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Increasing the stub length further causes the locus to rotate into
the inductive part of the chart and become smaller in size, similar
to the loci for shorter stub lengths, If the impedance at a single
frequency is tracked for various stub lengths, it is found to follow
approximately a constant resistance circle, implying that the slot
and antenna appear to the feedline as an impedance in series with an
open circuited stub.

The effects of aperture length are shown in Figure 3 and 4.
Increasing the aperture length increases the diameter of the
impedance locus and lowers the resonant frequency slightly. The
combination of stub length and aperture length provide extensive
control of the input impedance and allow tuning for perfect match at

a single frequency or maximum bandwidth for a given VSWR. (In

general, the bandwidth of aperture coupled patches is similar to
that of ordinary probe fed or microstripline fed patches of similar
size on the same substrate, but some results have been obtained that
indicate an increased bandwidth due perhaps to double tuning.)
Increasing the relative permittivity of the feedline substrate
has the effects illustrated in Figure 5. For these calculations,
the impedance of the microstripline feed was maintained at 50 ohms
and the stub length was maintained at 0.22 wavelengths of the

microstripline. The specific values of the antenna parameters are

listed in the figure.

-

:ﬁ Measured radiation patterns of aperture coupled patches are ~
n:,‘: 4

}}j shown in Figures 6-8. All of these patterns were taken with a small

e

e

ground plane and the coaxial transmission line that attaches to the
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microstripline has some effect on the E-plane patterns. The level
of radiation into the back (feed) region of Figure 6 is not
particularly high and does not resemble slot radiation. Therefore,
it appears that the resonant patch is providing the primary means of
radiation and the feed region would be relatively free of radiated
power if the ground plane was large enough. The antennas that were
used to obtain the patterns in Figures 7 and 8 were both fabricated
by using 0.025-inch Duroid 6010.2 (er-10.2) for the feedline and
0.020-inch Duroid 5880 (€r=2'22) for the antenna, The other antenna
parameters are given in the figures. The feed substrate in Figure 8
is twice as thick electrically as that in Figure 7, and this may
contribute to the increased radiation in the backward region.
Nonetheless, relatively little power is radiated to the feed side of
the ground plane and absorber in this region should help to control
stray coupling effects without significant loss of gain or adverse
effects on the upper half space radiation pattern.
3.0 COPLANAR WAVEGUIDE FEEDLINES FOR PRINTED DIPOLES

Three configurations have been studeid which involve slots
feeding printed dipoles; (a) a single slot feeding a single dipole
(Figure 9), (b) coplanar waveguide feeding two dipoles (Figure
10(a)) and (c¢) coplanar waveguide feeding crossed dipoles for
circular polarization (Figure 10(b)). All three structures are
based upon the slot fed dipole shown in Figure 9. As in the
aperture coupled patch two substrates are used, one substrate with a
low dielectric constant to enhance antenna operation and one with

dielectric that simulates the semiconducting material used for

T W ey T

T e R e e N



active devices. Interest in coplanar waveguide feeds is due to the
superior R.F. grounding it offers to active devices at millimeter
wave frequencies. This grounding advantage can be critical for the
design of high gain millimeter wave amplifiers. A possible
disadvantage in comparison with the aperture coupled patch is the
disruption of the antenna's ground plane caused by the presence of
the slots or coplanar waveguide. This effect can be minimized by
making the feed cross-section as small as possible.

The slot fed dipole structure is motivated by the well known
slotline-to-microstripline transitiona. In that application, the
slot and microstrip lines cross and then extend beyond each other by
about one quarter wavelength. For the slot fed dipole case, it was
found that placing the slot end almost directly under the dipole
gave the best results. Coupling is tightest when the slot is
located at nearly the center of the dipole’s long dimension,
lessening as it is moved closer to an end. The interaction can be
considered as inductive coupling between the current flowing around
the slot end and the current on the dipole.

The structure shown in Figure 9 was constructed with the
antenna supported on a substrate (er,=2.5) with a thickness of .060"
and the slot supported on a substrate (sr-10.0) with a thickness of
.050". A slot of width .010" was excited by a semirigid coaxial
line and then tapered to a width of .030" under a dipole which is
.820" long and .100" wide. (The dimensions of the dipole, the

substrate and the slot under the dipole are the same for the

configurations shown in Figure 10(a) and 10(b).) The measured

T WOWIr e eTw r
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antenna patterns are shown in Figure 11. Impedance plots show a

well behaved resonance with roughly a 1% bandwidth (VSWR < 2) and

greater than 20 dB return loss at 4,72 GHz. The patterns show some

significant back radiation which is attributed to radiation from the
< slot feed and from the coax~to-slot transition,

Figure 10(a) illustrates the second configuration, a coplanar
wavegulide feeding two dipoles. At the board edge, the coplanar
waveguide dimensions are chosen for a 50 Q impedance. The coupled
slots are then gradually thinned to a width of .030", separated by
several slot widths (to decouple one from the other) and then routed
to each dipole. By adjusting the placement of the dipoles relative
to the slots, a return 10ss greater than 20 dB is achieved at the
resonant frequency (see Figure 12(a)). Bandwidth and slot location
were, as expected, nearly the same as for the single slot/dipole

Structure, Patterns for the coplanar waveguide fed dipoles are

shown in Figure 12. Dipole separation was such that H-plane nulls
should exist at _+_39o from broadside. Since no nulls are evident, it
appears that the feed slots are participating in the radiation such
that the effective radiating centers of the dipole/slot combination
are closer to each other than the physical distance between the

dipoles, As a check of this hypothesis, the feed locations were

shifted so that the slots pass under the dipoles one quarter dipole
length from the dipoles' ends. This reduces the coupling from slot
to dipole and pattern nulls appear at the proper angles. For

dipoles offset fed in this manner the return loss is 10 dB.
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Finally, in Figure 10(b), we show crossed dipoles fed by
coplanar waveguide for circular polarization. As in the second
structure the slots are gradually decoupled from each other, the
slot path to one dipole is then made one quarter wavelength longer
than the path to the other. Each slot feeds its dipole roughly one
quarter dipole length from the dipole end. A return loss of greater
than 15 dB is observed at an operating frequency of H4.81 GHz (See
Figure 13(a)). 1In Figure 13(b), pattern plots of E (¢=0°",0),
Ee(¢=900,6), E¢(¢=o°,e) and E¢(¢=900,6) are presented. The
coordinates ¢ and 9§ are defined in the usual way with respect to the
; and ; axes in Figure 10(b). From relative gain measurements at
¢=0,45° and 90° an axial ratio of 2.8 dB is estimated.

Spurious slot radiation seems to play a role in each of the
three structures tested. It is likely that this effect could be
further minimized by adjusting slot width and location. Theoretical
studies are currently addressing this question.

4,0 SUMMARY

Two types of antenna elements for use in integrated phased
arrays have been investigated. Both allow the use of two
substrates, a low permittivity substrate to optimize antenna
performance and a high permittivity substrate (such as GaAs) on
which active devices can be fabricated. The aperture coupled patch *
radiates well, can be impedance matched by simple adjustment of
antenna parameters, and is compatible with microstripline circuit e
techniques. The slot fed dipoles can be used singly with slotline

feeds or in pairs with coplanar waveguide feeds, which offer good
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grounding for millimeter wave devices. A circularly polarized

version of the antenna has been obtained by using crossed dipoles

and a coplanar waveguide feed.
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ABSTRACT

It is well known that the radiation characteristics of a
microstrip antenna can be accurately predicted by using the
cavity model theory in which the fields beneath the patch are
represented as an infinite sum of the cavity modes. Using the
equivalence theorem the antenna radiation pattern can then be
written as a function of those cavity modes which are actually
excited and their individual magnitudes. Usually a 1low order
cavity mode 1is strongly excited for producing the Iintended
radiation pattern. However, many other modes may contribute to
the undesirable cross+polarized far field. In general, the
excitation of any particular mode will depend upon the 1location
of the feed point, the thickness of the dielectric substrate, the
frequency of excitation, and the aspect ratio of the conducting
patch (assuming a rectangular patch). For some particular feed
lncations though, the dependence upon substrate thickness and
aspect ratio can significantly be reduced. In general, using the
cavity model theory of isolated patches, an analysis is performed
to determine these dependences. Although this techinique may not
be very accurate for some array structures, it is very simple and
does provide significant physical insight into the nature of the
cross polarization problem thereby 1lending itselfl to the
development of simple methods by which cross polarization can be

effectively reduced.
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1. Introduction

Because of their compactness, conformability, and ease of
fabrication there is currently substantial interest in the use of
microstrip patches as the elements of antenna arrays. One
implementation mnakes wuse of an array of modules in which each
module is comprised of four rectangular patches and a microstrip
feed network. Analytical and empirical evaluation of the module
radiation characteristics has shown that significant levels of
undesired cross polarized far field can exist, depending upon the
thickness of the dlelectric substrate, the patch aspect ratio,
the frequency of operation, and the patch feed point. In fact,
it is well known, for example, that when nearly square patches
are excited at particular feed points the two cross polarized
components of the electric field radiated broadside to the .
antenna are equal In magnitude and 90° out of phase, thereby
resulting in circular polarization, instead of linear
polarization [1]. Hence, the purpose of this paper is to show
that, as in the case of patches producing circular polarization
for 1instance, the cavity model theory can be wutllized to
understand the cross polarization problem of patches intended for

radiation of linear polarization and to suggest remedies for it.

2. Theory
First we briefly review the cavity model theory of

microstrip antenna radiation [2-3]. Consider a rectangular patch

of dimensions axb on a grounded dielectric substrate with

29
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‘ r
3
- dielectric constant €. and dielectric loss tangent § as shown in
¢
th Figure 1. 1In modelling the structure, the electric field beneath
] .
"; the patch 1is assumed to have only a component which lies
5 .'
| perpendicular to the ground plane and patch and which is N
%
)
% invariant in that direction. The tangential magnetic field at
N
:& the edges of the patch are assumed to be zero and, therefore, -
K

that the perimeter is enclosed by a magnetic wall., By applying
Huygen's theourem, an equivalent magnetic current ribbon is
defined at the patch edge, combined with its image, and then
considered as radiating in the absence of the dielctric slab. 1In
general, the computed electric far field consists of an infinite

summation, the mnth term of which is proportional to : i

e ¥ (x'ayt) - 5 (mmas2a)
W A (8,9) (1)
L) mn k2 - k2
C
?’ where ¥ (x*,y')= cos(mnx'/a)cos(nny'/b), jo(x). sin{x)/x ,
10
20 2 s 2 2
, ko= wfuce (1-36gpple, | ko= (mn/a)? + (nn/b)2,
ff x',y' = patch feed poin' cooridinates,
N a= patch length, b= patch width,
¥ Sepr= effective dielectric loss tangent,
N Amn(e,¢) = angular coefficient, -

llowever, as the operating frequency w approaches the resonant
. frequency of a particular mode mn, the real part of the intrinsic
wavenumber Kk and the resoniant wavenumber kmn will be equal
thereby causing the mnth term of the series to become dominant

over all others provided of course that Wmn[x',y'):o . For
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typical values of patch aspect ratio (1.0 S a/b s 2.0) the two
lowest order cavity modes (disregarding the DC mode mn=00) are
the mn=10 and mn=01 modes. It has been shown that wunder the
condition that akb , the latter of thése two 1is the more
efficient as it results in higher radiation [4]. Given that the
operating mode corresponds to mn=01, the cavity model theory alzo
predicts that only modes of the form mn=m0 can significantly
contribute to the cross polarized far field. The denominator of
(1) also contains an imaginary term which is determined by
lumping the radiation, surface wave, copper, and dielectric
losses into a single "effective dielectric loss tangent",$,rp., To
do so, the copper and dielectric losses are found from the
magnetic and electric energies stored beneath the patch, and the
radiation loss is determined from the integration of the Poynting
vector over a closed surface located in the far field. The
surface wave loss is similarly determined by far field
integration except that use is made of the Green's function for
an infinitesimal magnetic dipole located on the surface of the
dielectric substrate. To see how frequency, aspect ratio, feed
point 1location, and ceff contribute to the cross polarized far
field, consider the ratio of the radiated fields corresponding to

the 01 and m0 modes as given by (1):

. a pd A (ev¢)
VSIS AN S S SR _K%(_e—-)" 2
; - 5o ,

Bro Ymo(x'y') KT - kg olmmd/za) mo"°+*
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In order to maximize this expression and thercby minimize cross
polarized radiation, consider first the frequency dependént term
in the denominator, ke - k81 . Recalling that k can be written

as k'(1 - Jdpff) ,» where k'=w/y , one can obtain the >

ofotr
frequency which minimizes the magnitude of k2 - k%1 by setting

the first derivative with respect to k' of the magnitude equal to .

\
=

zero and solving for k'. Doing so yields k'Skqqy , for
s 552/3 . Using this value of k', (2) becomes:
el

A (8,9)
01 (3)

J (mnd/2a ) Am0(9,¢).

Notice that for w01[y']: 0 and a’/bsm , the ratio tends to
infinity as the effective loss tangent tends to zero. Similarly,
under the condition that W01(y')* 0 » the ratio tends ¢to
infinity as ¥ o(x')-cos(mmx'/a) tends to zero (i.e., as

mnx'/a tends to an odd multiple of w/2 ).

3. Theoretical and Experimental Results

Numerous experimental single patch and four element modules
were implemented and tested in the frequency range of 3.7 to 4.0 .
Gz using Rexclite 2200 circuit board (er- 2.62, dielectric 1loss
tangent §= 0.001). Both microstrip and coaxial line feed types
were used with no noticeable difference appearing in the pattern
measurements, In computing the theoretical data, the actual,

physical dimensions a and b were increased ULy a factor
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approximately equal to t, as determined from previous results.
In Figure 2, theoretically and experimentally determined cross
polarized far field levels are compared as a function of aspect
ratio. As one would expect from the previous discussion, cross
polarized radiation is minimized when the aspect ratio takes on
the value 1.5 and is greatest for values near 1,0 and 2.0.
Nevertheless, given that an aspect ratio such as a/b= 2.0, for
example, results in a degeneracy of the 01 mode and the undesired
20 mode, one can easily reduce the cross polarized radiation to a
level comparable to that for which a/b= 1.5 by using mode
supression pins. 1In Figure 3a, it can he seen that placément of
shorting pins along the nodal line of the 01 mode electric field
distribution effectively suppresses the c¢ross polarization
producing modes immediately above and below the 01 mode but
leaves the 01 modal fleld unaffected. ILven when the operating
frequency is increased or decreased by as much as. 3.0%, the
effects of the pins remains significant as can be seen in Figure
3b.

For the case of the four element module, two basic

microstrip feed networks are depicted 1In Figure 4a. 1In one

network the antenna is fed on the "a" side of each element

[l o'

o5

whereas in the other it is fed on the "b" side. Both types of

!i
EE ] modules have been implemented and tested, although attention will
gs; focus on the latter since it is simpler in construction and it
ﬁi provides a simple mechanism by which the array may be matched to
) 3 50 ohms, Because the 01 mode results in a sinusoidal variation
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- of the electric field along the "b" side of each patch, the feed
< gat
:é% points of the elements on the second module may be simultaneously
)
‘: shifted left or right in order to achieve a desired impedance
i
(A [y
' value, Figure Ub illustrates the results of having made use of
o
Ly
' this fact in one implemented module. In Figure 5, measured
:ﬁj effects of varying patch aspect ratio for a particular array ‘
6,'3
module are shown, and in Figure 6 it is seen how short open
(X
,’ﬁ' circuited stubs can be used to simulate a change in aspect ratio
4-“.
%ﬁ thereby resulting in a reduction of cross polarized radiation as
b3
. well.
iéj 4. Conclusions
b ,_:.I e
N (1) Despite the fact that this theory concerning cross
N polarization 1is based upon the cavity model theory, which is
& “ .
>
#i{ valid only for thin substrates, the results indicate that it is
e still applicable for dielectric thicknesses as much as 0.032
J
g dielectric wavelengths (A ).
b ,i_-«_
2§§ (2) The application of the theory is not restricted solely
nl‘...l
Y to the case of isolated patches but can be applied to the case of
A array modules in which the elements are spaced by a fraction of a
Eﬁ free space wavelength. "
\
g
A -
a0
0:"
e
'.\‘t.
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Figure 2. Comparison of the measured and theoretically predicted
attenuation of the cross polarized radiation level.
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Ku-Band High Gain Microstrip Planar Array for TDRSS

Farzin Lalezari and Charles Gilbert
Ball Aerospace Systems Division
Boulder, CO
ABSTRACT
A high gain microstrip planar array to be used in the TDRS (Track-
ing/Data Relay Satellite) system has been developed at Ku-Band
for NASA-GSFC Contract #NAS5-28032. The antenna is circularly polar-
ized and employs a patch rotation scheme to more than double the
3 dB axial ratio bandwidth and the 2:1 VSWR bandwidth. A bandwidth
of 4.5% was achieved on 0.015 inch Teflon-fiberglass material cen-
tered about 14.8 GHz. The increase in bandwidth can best be explained
in terms of circular polarization ellipses. The increase in impedance
bandwidth is due to the impedances of each patch not adding in phase.
Thus, an array of 64 x 64 elements was built and tested based on these

principles and we achieved 4.5% bandwidth and 39 dBic gain.

Also, a Ku-band tracking system was included in the same aperture.
A coarse and fine ( for both elevation and azimuth), sum and
difference monopulse tracking was employed and were mounted around

the perimeter of the main aperture.
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1.0 Introduction

A Ku-band high gain planar microstrip array has been developed at
Ball Aerospace Systems Division using a unique patch rotation scheme.
This work was sponsored by NASA/Goddard Space Flight Center under
Contract #NAS5-28032. First of all, the patch rotation scheme will
be explained in terms of axial ratio ellipses and impedance. Secondly,
the performance of one of the sixteen panels will be reviewed. Next
the overall structure of the antenna will be described. Then the
wavequide feeding structure will be detailed. Finally, the mono-
pulse tracking system will be discussed. Also, in Phase II of this
contract an S-band data link for the TDRSS system is being developed

and this antenna will be briefly mentioned.

2.0 Patch Rotation Scheme

The basis for this antenna and its relatively wide bandwidth is the
patch rotation scheme. In general, a microstrip patch etched on

0.015 inch teflon-fiberglass will have 1.5 to z.0% bandwidth. However,
by rotating the patches a greater than two-fold increase in both VSWR
(inside 2.0:1) and axial ratio (less than 3 dB) will be realized. The
improvement in axial ratio can best be explained in terms of axial
ratio ellipses as will be done below. The increased VSWR bandwidth
will be shuwn in terms of a Smith Chart. The axial ratio ellipse
explanation will be given first followed by the VSWR improvement

explanation.




bt ae 2o o L o ‘n‘-%

Consider two circularly polarized microstrip patches spatially rotated
90° with respect to each other. Figure 1 shows this arrangement. Near
the center frequency the axial ratio is small so consider these patches
at their band edge, where the individual patches have an axial ratio

of 3 dB. The axial ratio ellipses may be drawn as shown in Figure 2.

Thus, the major axis of the first ellipse adds to the minor axis of

the second ellipse and vice versa. So the net axial ratio theoretically
is back to 0 dB even though the individual microstrip patches have a

3 dB axial ratio. In practice things are not perfect and so one does
not achieve 0 dB axial ratio everywhere; however, there is substantial
improvement in the axial ratio bandwidth. Factors such as non-
identical patches, finite array size and phase offset error all con-
tribute to 1imiting the bandwidth. As can be seen in Figure 1, since
the patches are spacially rotated 900, the phase must be offset 90°

to compensate for this. This offset is produced by making the path

length 90° longer to one patch than the other. Of course this electrical

offset is 90° only at the center frequency and so at the band edge of
a single element (as in the above example) there is already a phase
error, thus the ellipses do not add to completely neutralize the axial

ratio. Then as one goes further and further beyond the center frequency

-

this phase error becomes larger and larger, thereby limiting the axial
ratio bandwidth. Hence this is the manner in which the axial ratio

bandwidth is increased, the impedance bandwidth will be detailed next.
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The improvement in impedance bandwidth can best be shown by an example.
Suppose that one had two microstrip patches each matched to 100 Q

but out of phase by 90°. On a Smith Chart these impedances would look
like the following in Figure 3, where the center frequency (fo) crosses
the real axis on the 2:1 circle. Then choosing some arbitrary bandwidth
AF, since the curves are rotated by 90° the low end of the bandwidth is -
higher in impedance than 100 Q and apacitance in one case and lower than
100 Q and inductive in the other. Thus choosing a point on these curves
and adding them in parallel will show that the reactive portions of the
impedance tend to cancel out, thereby increasing the bandwidth (i.e.,
smaller VSWR) over the case when the patches are not 90° out of phase.
If the FO-AF impedance point on the first curve is Z] = 2.2-j0.8 and the

second curve is Z2 = 1.8 + j0.8 then the parallel combination is the

following:
Z _ 4% (2.2-50.8)(1.8 + j0.8) _ 4.6 + j0.32 (1)
total © 74z,  2.2-j.08 + 1.8 + j0.8 4
Zioray = 1-15 + 30.09

This is very close to the center of the chart where we want to be. Now to
compare this to the case where the impedances are the same (i.e., no
90° phase difference) we have
Z' _ Z122 _ (2.2-j0.8)(2.2-j0.8) _ 4.2-j3.52 (2) -
total = 7,42 22.2-0.8 + 2.2-j0.8  4.4-j1.6
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Z'total = 1.1-j0.4

Thus, one can easily see that since the reactive part of Z.total is
much larger than Ztota] that Z'total will have a larger VSWR. In other
words the bandwidth is increased by rotating the patches and then com-
pensating for this spatial rotation by an electrical 90° phase difference.
The axial ratio bandwidth is increased as explained above as is the

VSWR bandwidth by more than a factor of two. So the improved bandwidth
and axial ratio have been detailed; now the actual performance of a

16 x 16 subarray panel will be discussed.

3.0 Subarray Development and Performance

Once one develops a pair of patches as described above, one can quickly
build up to a 16 x 16 element subarray level. First of all, a 2 x 2
must be developed where each patch is 90° out of phase with the ad-
jacent patches. This produces a 0°, 90°, 1800, 270° phase rotation
around the 2 x 2 cluster. One needs to be careful to get the sense

of this rotation the same as the polarization sense of the patches
(either right hand or left hand) or else a null will occur at broadside.
Once this 2 x 2 cluster is developed however, another slightly differ-
ent but equivalent 2 x 2 cluster must be made in order to facilitate
the feed lines in the corporate power divider. Finally, once this small
obstacle is overcome it is simply a matter of arraying these 2 x 2
clusters in a straight forward corporate feed manner. A photograph

of a completed subarray is shown in Figure 4. The performance of this
subarray is as follows:
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Bandwidth 650 MHz or 4.5%

Center Frequency 14.8 GHz

Sidelobe Level >12 dB down from peak of
main beam

Gain ‘ 29.0 dBic

A typical VSWR and typical principle plane antenna patterns are shown
in Figures 5, 6, and 7. After the subarray panel design was complete

we then had to make a 4 x 4 array of these subarray panels.

4.0 Full Array Configuration

The complete array is shown in Figure 8. It is made up of a 4 x 4 array
of subarray panels mounted on 0.25 inch honeycomb with 0.005 inch
fiberglass backing. The monopulse tracking antennas are also shown

and these will be discussed in a later section. Other mechanical

specifications of this array are as follows:

. <10 1bs

Size 51 inches x 51 inches
we!ght <2 1inches

Thickness

As this antenna is for a space application, weight and volume were
minimized. The feeding structure for each of the subarray panels was

attained using waveguide.

5.0 Waveguide Power Divider/Combiner
Each of the subarray penels in the array were fed through a WR-51
waveguide power divider. A section of the waveguide power divider to

feed 4 subarrays is shown in Figure 9. This four-way waveguide power

53

L S s Lo s o v v



ST PROJECT NO. . PROGRAM

f A PART NO. _ MODEL NO. SERIAL NO.
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Figure 5. VSWR of Typical 16 X 16 flement Panel
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4 Panels With Waveguide Power Divider
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divider consists of the following design. Looking at this as a power
combiner helps in explaining how it works. First of all, (assuming that
the output ports are matched and their impedance is Zo) following two

of these outputs back toward the center we see that we have ZO in parallel
with Z0 to give an impedance of 20/2 for the right section of the struc-
ture for example. Of course the left section of the structure will have
the same impedance. Then, because the point where the impedance of the
two arms is 20/2 is 3/4 waveguide wavelength from the center of the
structure (where the two halves meet) this impedance is transformed to

2 Zo. Thus, one has 2 Zo in parallel with 2 Zo which nets Zo and so the

waveguide structure is matched. This is the principle of operation of

the waveguide structure and in practise it works very well over Timited

bandwidths ( ~10% which was more than ample for this application).

The entire 16 way waveguide feeding structure is shown in Figure 10.

Each subarray panel if fed from the waveguide via a waveguide to coaxial

transition then a coax to microstrip transition to the panels. As the
construction of this waveguide structure was not perfect there were

4 significant path length differences from the center input to the 16
outputs. The maximum variation was 40° of electrical phase length. Due
to the fact that we had to use coaxial jumpers anyway, this phase error
was compensated for in the length of these cables. Thus, even though
there are many transitions to go through, feeding with waveguide is
definitely less lossy than using microstrip transmission lines for the

entire array. The loss in microstrip would be over 5 dB while the loss
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in the waveguide including the transitions was 1.3 dB. Therefore, the

waveguide feeding structure greatly helped the efficiency of the antenna.

6.0 Final Results

The main goal we had in assembling this antenna was to achieve 40 dBic
gain., We missed this goal slightly as we measured only 34 dBic. We
believe that there is a great deal of room for improvement, however,
especially in the waveguide and the subarray panel efficiencies. All

other goals were met and they were:

Bandwidth 650 MHz on 4.5%

Beamwidth (both plans) 1.0°

Sidelobe level >12 dB down from peak of main beam
Weight <10 1bs

Thickness <2 inches

Thus we believe that this program was a success as w. know how to im-
prove the gain and will achieve over 40 dBic on the next iteration.

Also, it should be mentioned that the time frame for this entire project
was 6 months and so we simply did not have time to refine many parameters
that would have increased the gain. The final item to discuss is the

tracking antennas, and this will be done in the next section.

7.0 Ku-Band Tracking Antennas

The tracking scheme for this antenna employed a coarse and fine mono-
pulse sum and difference patterns. There were coarse and fine monopulse
antennas in both the azimuth and elevation planes. The coarse monopulse

antenna consists of an 8 x 8 array of circular polarization microstrip
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patches at a center frequency of 13.725 GHz. There is a circular 180°
hybrid in the center feeding each half of the antenna where the other
ports are the sum and difference outputs. The 180° hybrid was etched

on the same material as the antenna. The coarse tracking was capable .
of pointing the beam to within 150. Since the beamwidth of the main
antenna is only 1° a finer tracking system is also necessary. The

fine tracking antenna consists of an 8 x 32 array of circular polarized
patches with a circular 180° hybrid in the center. Due to the fact

that we did not have a piece of material long enough to etch this entire
array on, it had to be done in two pieces. Thus even though the 180°
hybrid is printed on one of the boards, the connections are made by
coaxial cable from "behind". The fine tracking antenna is capable of
pointing the beam to within jp.lo. Therefore when the coarse tracking
antennas point the aperture to within +5% then the fine tracking antennas
take over and point the beam to within ip.]o which is entirely adequate

for a 10 beamwidth.

8.0 S-Band TDRSS Antenna

This antenna will perform the same function as the Ku-band antenna;

‘i however at a much lower frequency and data rate. The antenna consists

;_ of dual polarized circular microstrip patches etched on .031 inch

& teflon-fiberglass interlaced with Tinear polarized series fed microstrip

§S patches as shown in Figure 11. The circular dual polarized patches are )
%; series fed also and the input to each column is from a 90° hybrid in the

center of the column. Thus dual circular polarization is achieved with

AT o
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these columns. RHCP from one port of the 90° hybrid and LHCP from the
other port. These columns consistute the data link aperture and are
fed from "behind" with a corporate feed network as shown in Figure 12.
The command link columns are interlaced with the data link columns and
due to the fact that the frequencies are fairly close together

(f0 = 2.2875 GHz for the data link and fo = 2.1064 GHz for the command
1ink) there are no grating lobes or other spacing related problems.
These columns are also fed from the "back" with a corporate power divi-

der. The specifications that this antenna will meet are the following:

gain 28 dBic
axial ratio 1 dB
bandwidth (data 1link) + 20 MHz
VSWR <2:1

size 4 ft x 4 ft
thickness <2.0 inches
weight <12.0 1bs

9.0 Conclusion

A high gain Ku-band antenna has been developed for use in the TDRS
system that has increased bandwidth due to patch rotation. This in-
creased both the VSWR and axial ratio bandwidth more than twofold.

The overall structure is lightweight and occupies minimum volume as the
antenna is for a space application. Also, a new S-band antenna has been
developed for the same system. This antenna, too, is lightweight and
occupies minimum volume due to its space application nature. Therefore,
the two high gain planar array microstrip antennas developed at Ball

Aerospace are ready to be included into the TDRS system.
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DIODE GRIDS FOR ELECTRONIC BEAM-STEERING
AND FREQUENCY MULTIPLICATION
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Abstract

Grids loaded with diodes are attractive because they

are suitable for monolithic integration with
gallium-arsenide and for high-power operation. Here we
present grid designs for electronic beam-steering and
harmonic generation. The beam-steering grid is a
programmable reflector, where the diode bias controls the
phase shift of the reflection. The variation of the phase
across the aperture sets the direction of the reflectead
beam. The reflection loss in computer simulations is 38R at
90GHz. The harmonic-generating grid acts as a nonlinear
reactive surface, where the nonlinear capacitance of the
diodes produces the harmonic frequencies. Quasi-optical
filters select the desired harmonic. Computer simulations
predict that a 65GHz-to-130GHz doubler would have an output
power of 0.56W/cm? and a conversion efficiency of 35%.

1. Introduction

Periodic grids have many applications in infrared and
millimeter waves [(1],[2],[3]. Additional interesting
applications become possible when solid-state devices are
added to the grids. Tong et al. demonstrated a
two-dimensional tracking array with microbolometers [4]. In
this paper, we propose a varactor-diode grid that can be
used in an electronically programmable beam-steering array
at 90GHz or in a 65GHz-to~130GHz doubler.
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In the beam-steering array

(Fig. 1), the incident beam
reflects off a pair of
varactor-diode grids. The

idea to steer the beam is to

progressively shift the

phase across the aperture. ///4;;;“

Changing the bias changes beams

the grid reactance, and this Incident beom
controls the reflection _~Quariz cover
phase. No transmission lines AT~ Diode grids

or waveguides are required, 2T

and this makes the design
and fabrication simpler.
Since the power is :
distributed among all the Fig. 1 Electronically

diodes, the power handling programmable beam-steering
capability can be quite high. array.

Metal mounting block

In the doubler (Fig. 2),
power at the fundamental
frequency enters from the
left, through a filter

that passes the \\
fundamental, but blocks

the second harmonic. The

power then arrives at the _~
varactor-diode grid, and Input

the non-linear Fundamental poput

capacitance of the diodes

generates harmonics. The Fig. 2 Varactor-diode doubler
second harmonic leaves on grid.

the right, through another :

filter that blocks the fundamental. This approach overcomes
the power limitations of a single-diode multiplier because
power is distributed among many diodes.

Output
Hormonic

Output
Filter

2. Periodic grids

The grid for these designs, shown in Fig. 3, is a square
mesh of metal strips on a gallium-arsenide substrate. The
diodes are located on the vertical strips. The horizontal
strips provide the bias, but should not otherwise affect the
circuit. We model the grids by transmission-line equivalent
circuits. The grid reactance, jX, is represented by an
inductive reactance in series with the diode. The substrate
appears as a section of transmission line with a
characteristic impedance equal to the wave impedance in the
material.
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Fig. 3 Grid dimensions for a 90-GHz programmable reflector.

The inductance can be calculated by a conformal
mapping [5], and is given by

L = poa/(2n) 1nicsclnw/(2a)]}, (1)

where a is the grid period and w is the strip width. This
formula is derived from statics. Higher order corrections
have been considered for our design. They are less than
10%, and have been neglected.

The period a should be chosen somewhat smaller than a
substrate wavelength to avoid exciting substrate modes.
This means the period should satisfy

a < Ag/(n+1), (2)

where n is the refractive index of the substrate. For
gallium-arsenide substrate, which has a refractive index
of 3.52, the period a should be less than 0.221,.

3. Electronic beam steering

The reflector design (Fig. 1), consists of a fused-quart:z
cover, two diode grids, and a metal mirror. The quartz cover
acts as a quarter-wave matching layer. The metal mirror
prevent radiation from escaping and serves as a heat sink and
mechanical support.

In the transmission-line equivalent circuit model. the
mirror is effectively an open-circuit, because it is a
guarter-wavelenuth behind the back grid. At the front grid,
the back grid appears as a parallel load, but with the
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impedance inverted. The total normalized reactance X¢ is i
the parallel combination of jX and 1/(jX), or

Xe = X/(1-%2). (3)

Xy ranges from -= as X approaches -1, to += as X
approaches +1. This allows a full 360° phase shift.

To analyze the grid structures, together with the -
substrate, dielectric slabs, and mirrors, we have written
an interactive graphics program called TRAP (transmission,

reflection, absorption, and phase) to calculate the effect
of different layers.

Fig. 4 shows a simulation of

Rektive bios voltoge (V)

the programmable reflector. 5 -4 3 -2 4 0

The phase variation is almost L
linear from -180°0 to +180° Tas Iso
as the grid reactance sweeps 2 é
from a normalized reactance $ oS do
of -1 to +1 (-1078 to +107Q Bod &
for GaAs substrate). The < le%
reflection efficiency varies azr &
from a low of 0.49 to a high oo , , . 180
of 0.57, with an average =00 50 0 50 00
loss of 2.7dB. For TE Total grid reactance, &
polarized waves, the best

performance is at an angle Fig. 4 Simulated results of

of incidence 300 to 450, programmable reflector.
Preliminary test of one diode grid shows a 2° phase shift
per volt. This result is obtained from modulating 3 rows
of Schottky diodes in the Michaelson interferometer.

4. Doubler

In the multiplier design (Fig.2), the proposed filters
consist of a wire polarizing grid with a half-wave plate
desicned for the fundamental. The half-wave plate
separates the fundamental from the second harmonic because
it rotates the fundamental polarization by 90°, but does
not alter the second harmonic polarization. This allows
the polarizing grid to select the desired frequency.

Recently Siegel et al [6] have written a program to
calculate the conversion efficiency of a multiplier, and we
have used this program in the design. Fig. 5 shows the
equivalent circuits of the multiplier. It is assumed that
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the input and output polarizers can be place so that they
do not affect the circuit at either frequencies. In the
fundamental circuit (Fig. 5a), the grid impedance is the
sum of the lead reactance, 1058 and diode impedance 40-
j2250. The breakdown voltage is taken to be -5V, and this
limits the input power to 4mW. In the second-harmonic
circuit (Fig. 5b), the lead reactance doubles and the
capacitive reactance of the diode halfes. The output
power of a single diode is 1.4mW. For a grid with 400
diodes per square centimeter, the output power is
0.56W/cm?. We plan to tune the fundamental source
impedance Zg and the harmonic load impedance Zy with
fused-quartz plate tuners developed by Archer [7]. With
these tuners, we can match a VSWR of E 2, where E; is the
dielectric constant of the plate. For fused-quartz the
VSWR is about 15. :

4mW L.4mwW
) 2100
3 j105n le
40- 2250 90- oA z,
Vou
(a) (b)

Pig. 5 (a) Input equivalent circuit at 65 GHz, (b) Output
equivalent circuit at 130 GHz.
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DESIGN OF A TILTED BEAM WAVEGUIDE PLANAR ARRAY

John M, Wachsman
Adams-Russell Company, Inc,
Microwave Products Division

Chatsworth, CA 91311

1. ABSTRACT

The purpose of this paper is to discuss the general design of
a standing wave planar array with the main beam tilted in the E-
plane at @, off broadside. A brief discussion of beamtilt theory
will precede the derivation of the design equations. This will be
followed by the procedure used to achieve the proper slot
dimensions from the desired excitations and design equations,
Finally, a comparison between theoretical and measured patterns on

a Ku band array will be shown,

2. INTRODUCTION

Waveguide arrays have been used to create radiation patterns
of narrow beams, shaped beams, and tilted or scanned beams. The
desired radiation pattern is dependent on amplitude and phase
distribution across the aperture, Achieving the desired amplitude

and phase distribution with radiating slots (longitudinal slots in
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the broad wall) is common practice, however, the problem becomes
more complex when a non-resonant distribution is to be determined
by the feed slots (series-series slots), the second layer in a two
dimensional array. This is because the loading on these slots is
the radiating guides rather than free space. This paper will
address a tilted beam but the theory is applicable to achieve any

desired voltage amplitude and phase variation,

3. BASIC BEAMTILT THEORY

In order to tilt the mainbeam of an array, it 1S necessary to
create a linear phase slope across the front of the array. The
amount of phase slope is related to the amount of beam tilt. In
general, the array will consist of elements with a desired ampli-
tude distribution and a progressive phase shift between elements

as depicted below.

o . .
Voe] V1e,° v29’2¢ v3e 13 Vnelnw

Figure 1., Linear Array
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It can be shown that the direction of the mainbeam, 0y» is

[
9
}:: related to the differential phase, ¢, between adjacent elements by
O )
! = in~ -9—
9= sin” (-3a) (1)
k{
e )
i3 where B = 2w/),

A, = freespace wavelength
R
::t'. d = interelement spacing
O
Togt!
W)
‘;) 4. DESIGN OF WAVEGUIDE ARRAY

<

2

L]
’4‘- To tilt the main beam in the E-plane of a waveguide array,
(L

" drawn in Figure 2, it is necessary to create a differential phase,
3: ¢, between adjacent feed slots. Possible ways of doing this
B
-
L3
N » RADIATING PLATE
¥, "_l VERTICAL .
. WALL FEED SLOT
-
A% BACK INPUT SLOT

PLATE
L
e
45
H )
t,
o
CIRCUIT

. - FOLDED SHORT
ov- VAVEGUIDE
?,. FEED WAVEGUIDE
r‘:f: Figure 2. Two Dimensional Waveguide Array
':

< 75
O

)

2

P RO N A AR A SRS GO E TS “a® AL R RS UL e .%o, AT RE R TP O W
< e “ > AT R A e N ‘r YT -_‘.,\- ,\\'-.‘.,» o
NS R e : W, h N p L e % L% & i ", Y ¥

b U X 0, v Wy W



. dhe at e i et TN YT T R Y YT W W T T T R Y TR N T W T I Y TN W T W N W TN N W oW W Wrw o T w oy o

are: (a) line lengths between feed slots other than ig/2, (b)
dielectric blocks between feed slots and (c) non-resonant feed
slots. Solution (a) will create a non-uniform interelement
spacing, and the overall design method is no longer valid.

r Solution (b) is generally not feasible because there is not enough

- room between the feed slots. Therefore, solution (c) is the most

| practical, The general limitations of using nonresonant slots is

that empirical data reveals the maximum realizable phase shift is
~£60° (see Figure 3). Therefore, there is an unrealizable zone in

the phaser space as depicted in Figure 4.

oo} +120 L +60
‘\\ \ UMREAL LZABLE
. PHASE RECION
N —
2 \\\
N\
40 \\\\
] \\‘ wo. o
:
-30
-0
+ + e~ +——— A —
9 9 > 8 % ) 102 104 108 108
/1o -1 - -
iy . :
) Figure 3 Feed Slot Phase Figure 4., Phaser Space
\

vs Frequency
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It is essential that any design using this approach does not
have any slot phases between 60° and 120° or -60° and -120° as
there is significant pattern degradation when unrealizable phases
are used. Note that angles from +120° to -120° are achieved by
changing the slot orientation thus creating an extra 180°, i.e.,
-140° is realized by designing a +40° slot and changing its

orientation in the feedguide as depicted in Figure 5.

SLOTS
A \
> |/ /
L4 a1
|/ /
4 \ / CHANGES PHASE
BY 180°

STANDARD CREATE 180¢

PATTERN PHASE CHANGE
OF BOTTOM
SLOT

Figure 5. Creating a Phase Between +120° and -120°

The design process requires determination of the angle and
length of the feed slots, Therefore, an expression between
desired voltage amplitude and phase and angle and length must be
achieved. The voltage amplitude and phase of the feed slot is

derived as a function of the slot coupling values m and a.

77




1
g The m and a terms are related to resonant resistance and frequency
P

X which are empirically linked to angle and length., To accomplish
K-

e this, the following circuit shown in Figure 6 is used.

1

By 22 | L1 Lan L2 2

% - .
Ya2e Y23 Y2 Yas RADIATING
" WAVEGUIDE
-

'

;

b,

K}

J: FEED

! WAVEGUIDE
L

)

A)

gl

1

3

: ° INPUT/OUTPUT

] WAVEGUIDE

Y

“

? Figure 6. Waveguide Array Schematic

\

. Ag = guide wavelength

! Yi,n = admittance of the nth radiating slot in the kth row
. my = coupling factor of the kth feed slot

: o = phase term associated with the kth feed siot

1: Mg = coupling factor of the input slot

®y, = phase term associated with the input slot

X,

i
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For this derivation, the following assumptions are made.

1) The end radiating slots are xg/4 from the short, the inner
radiating slots are Ag/4 from the feed slot, and all adjacent
radiating slots are xg/z apart.

2) A1l radiating slots are resonant,.

3) The end feed slots are xg/Z from the short the minor feed

slots are Ag/4 from the input slot, and adjacent feed slots

are Ag/z apart.

With these assumptions, the circuit shown in Figure 7 can be
used to determine the transformed input impedance of a radiating

guide through the kth feed slot,

L

Figure 7. Single Feed Slot Loaded By Radiating Waveguide
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where ZLk = nzl Gk,n (Yk,n = Gk,n Assumption 2)

My s = coupling terms of the kEh feed slot
Igy = feedguide current through kth feed slot

IR = radiating current through the kth radiating gquide ]
k

Lo
ZTK= transformed impedance through the k:h feed slot
‘*
, ]
A desired V, and g is necessary to obtain the beamtilt,
Therefore, a relationship between V| and ¢, and my and o must be

found. Hence the kM feed slot will be investigated and the k

subscript dropped.
Watson's series-series coupling law! will be used.

1 m .
57— = 57—+ ja (2)
Iy 4
[t can be shown that the ratio of the radiating current IR, to

feed guide current is

Ip /m

L@ ¥ial (3)
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The desired voltage excitation, V, is given by

---J”
PPN

-’
Pw”"a_u_

V= Igl
substituting (2) into (5) yields

o /l-“—(m = JQZL)
g Ve ——Ltrz,
i m2 + azsz

L)
53 81
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Therefore, the phase of V, ¢y is

o -od
g o = tan" (—E) (8)

and the magnitude of V is
12, | (9)
substituting (4), (5) into (8) yields

J
&
9 V| = VZ R |1 (10)

|

In general, [Ig|, can be written

e
..-- -

e
:'. .‘

|1 9 (11)

Fl =

magnitude of the total transformed

—
=
—
+
[ SN
><
—
SN
"

impedance on one side of the input

e slot.

. V, = voltage impressed on the feedguide from the input slot
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Figure 8 illustrates the circuit used to determine the feedguide

current.

X
T i Py et ey i

| _+
S

Figure 8. Impressed Input Voltage on Feedguide

Therefore, from (4)(5) and (8)

oy = tanH(—1) - tan'l[TI-) (12)
/R A v
V|s —T 2 (13)
R, + jX
|i§1( SRELSN

So, in general, for given ZL , one has 2K equations and 2K
K

unknowns with K being the number of feed slots on one side of the
input. A computer program was written to solve these equations

for Xy and Ry. These terms yield an m and « according to (4)
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and (5). This program computes the resonant resistances, Ro's,
ﬂ and the normalized frequencies f/fo's for the computed m's and
& a's. The Ro's and f/f 's can then be correlated to the physical
dimensions of the slot as shown in Figure 9.

3 It is important to note that the feedguide current, Ig, has a
%s phase associated with it, (see Equation 10.) This current phase

will not, in general, be the same above and below the input slot.

w Therefore, a phase correction using the input slot location will

&, be necessary. Also, if the array is subdivided into subapertures

| & (modules), the phase from module to module may have to be

¥ corrected so that there is a continuous phase slope across the

L
:r. face of the array.

=gy

. §
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A A i 1 A 1 A
940 950 280 280
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Figure 9, Resonant Resistance for +45° Phase
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5. EXPERIMENTAL RESULTS

A 10 module linear 2.5% bandwidth Ku-band array, shown in
Figure 10, was designed and fabricated. Each module has 4 feed
slots with 6 radiating slots in each row. The phase shift between
adjacent slots was chosen to be 90° which relates to a beam tilt
of 22° off of boresight.

The desired voltage phases were chosen to be +45°, -45°,
-135°, +135° for each module, This made the modules similar and
the phases remained continuous from module to module., A 31dB n=5
linear Taylor distribution was utilized in the design.

A comparison between the computed and the measured patterns
is shown in Figure 11. The computed pattern contains the measured
parameters of the corporate feed.

Both the computed and measured patterns show an error lobe
appearing at the image angle of the array. This is due to a two-
slot periodic amplitude error that occurs off center frequency.

At the high (1ow) frequency the +45° R, increases (decreases)
while the -45° R, decreases (increases). The error lobe at center
frequency appears because the shorts in the radiating guide were
not A/4 from the end slot. The shorts were moved in .010 to
simulate a .020 wall between modules. A grading lobe appeared at
0° due to higher order mode coupling and was compensated for in

this experiment.
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6. SUMMARY

It has been shown that it is possible to achieve a tilted
beam in the E-plane using non-resonant feed slots. The critical
parameters are the inclination and length of the feed slots. A
designer must ensure that the desired phase of any element is
within the realizable region of a non-resonant feed slot.
Corrections must be made in both input slot location and corporate
feed phase in order to obtain a linear phase slope across the

front of the array.
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i h Jeffrey Lane, Norbert Sa, and John Toth ‘
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& ABSTRACT

LA | .
§$!§ In the 1984 Antenna Applications Symposium, a paper presented
';‘ MAN

by W. Miccioli discussed the development of a microstrip radiating

Bt

;1 aperture utilizing Electromagnetically Coupled (EMC) microstrip di-
5%}5 pole radiators fed by a resonant feed configurationl. This paper
a‘l‘ 3 :
it;' describes the continuation of that effort, and several new features
E:f are discussed. A rigorous analytical model of the dipole radiating
Jag
Res element above a grounded dielectric slab has been developed. Theo-
K g P
LMY

retical and measured radiation pattern characteristics are presented

Wy
P
Jﬂ 5 which indicate the excellent validity of the model. In addition, a
e

e

oY technique for obtaining broadband array performance will be reviewed and
Y
) measured data will be presented illustrating the 10% bandwidth achieved.
\'\{"‘

1 1.0 INTRODUCTION

The basic microstrip antenna configuration of interest first
presented by W. Miccioli consists of several resonant linear arrays
of half wavelength dipoles, as shown in Figure 1, used in conjunc-
tion with a power division network to develop each quadrant of a micro-
- strip monopulse array. The first dipole in Figure 1 is located at the
voltage maximum that occurs one half dielectric wavelength from the

open circuit end of feed. Successive dipoles may be located at

91

ol

Ao



R S T W

¥
[}
1
£
)
)

wavelength intervals to obtain broadside radiation. Broadside
radiation can also be obtained by positioning the dipoles at half
wavelength intervals with alternate dipoles on opposite sides of
the imbedded feed line.

W. Miccioli also discussed the idea of "stacking” dipoles to
achieve added bandwidth. Figure 2 shows a cross-sectional view of
this stacked configuration. Radiation efficiency and bandwidth of
the microstrip antenna increase with dipole height above the ground
plane. Because of this, the upper dipole is positioned at roughly
five times the height of the feed line. The lower dipole is kept
relatively close to the feed to maximize coupling.

Recently, a nonstacked microstrip dipole electromagnetically
coupled to a parallel feed was analyzedz. The method of potentials
was used to calculate the Green's function pertaining to current
flow in only one direction. Since in the configuration considered
herein there is current flow in two directions (dipole and feed), the
Green's function for sources in both directions is required. There-
fore, the dyadic Green's function technique which gives the Green's
function (Eb for an arbitrarily directed source has been used in
this paper.

2.0 DIPOLE ANALYTIC MODEL

An arbitrarily directed current source placed above an infinite
grounded dielectric slab is shown in Figure 3. Equations 1 and 2
are the wave equations that govern the fields above and inside the

dielectric. Solving for these fields is facilitated by letting the
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source term become the delta function or unit source where the Green's
function 1is, by definition, the electric field due to a unit source
(Equations 3 and 4).

Applying the Dirichlet and Neumann conditions to tangential E
and H at the interface and setting tangential E to zero at the conduc-
tor, a solution for1§ is obtained (Figure 4). The total electric field
in regions 1 or 2 is derived by integrating 3 over the dipole current
distribution (Equation 5). For the purpose of obtaining far field
equation, the asymptotic form of the Green's function is derived by
applying the saddle point integration technique. Since the far field
is stationary about the antenna current distribution, the Green's
function is multiplied by the Fourier transform of an assumed current.
The resulting normalized electric field is given by Equation 6.

In Equation 6, the first two terms are the Fourier transforms of
the uniform current distribution along the width and half sinusoidal
current distribution along the length of the dipole, respectively. In
the third term a(g9) and b(@) are determined by the boundary conditions
of the particular geometry. Sin¢ multiplying the ¢ component and cosd
multiplying the @ component are due to the current chosen to be x-

directed. Ky and K, are the propagation constants for regions 1 and

2
2, respectively.

It is interesting to note that if you let the dielectric constant
of region 2 equal that of air, then K| = K,, a(f) = -1, b(f) =1, and

Equation 6 reduces to the well known expression for a horizontal

current source above an infinite ground plane.
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3.0 ANALYTIC MODEL VALIDATION

A single element microstrip dipole was fabricated to compare
measured and numerical results. The lower board, which contains
the feed line, is .015 inch Duroid and the upper board is .031
inch Duroid. Both layers have a dielectric constant of 2.2,
Measured return loss in dB vs normalized frequency for this dipole
is shown in Figure 5. It has a -10 dB bandwidth of 3.2 percent,
which is typical for single layer microstrip dipoles. A polar plot
of the H-plane radiation pattern of the antenna is shown in Figure 6.
Agreement between the measured and predicted results is excellent.
The asymmetry in the measured pattern from 60 to 90 degrees is due
to reflections in the anechoic chamber. Figure 7 is a polar plot
of the measured and calculated E~plane radiation pattern. Again,
there is excellent agreement between the two curves. Ripples in
the E-plane pattern are due to scattering off the edges of the

ground plane.

A five-element resonant dipole array was constructed to
examine dipole performance in a linear array configuration. The
dipoles are positioned over voltage maxima of the feed line approx-
imately one wavelength apart, as shown in Figure 8, so that broadside
radiation is obtained. Figure 8 shows a plot of the meaxured vs

calculated H-plane pattern for a five-element resonant dipole array.
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The calculated plot shows good agreement with the measured plot data
from broadside to 60 degrees, and even at large scan angles the cal-
culated plot provides an average of the asymmetrical sidelobes.
Mutual coupling between dipoles was not taken into account in the
calculations, but the measured data suggests that their effects are

small.

4.0 MICROSTRIP ARRAY BANDWIDTH

The ultimate application o! the EMC dipole radiator is the de-
velopment of a complete moderate bandwidth (210%) planar microstrip
array aperture. An overlay of the microstrip aperture artwork

is shown in Figure 9. To obtain a monopulse configuration, the full

array is divided into quadrants. Each quadrant, which is independent-

ly fed by its own power divider network, is made up of two and three
element linear sub-arrays.

Initial array development concentrated on a single layer of EMC
dipoles over the microstrip power divider feed, resulting in
structures constrained to a few percent bandwidth. The addition

of a second layer of dipoles separated in height and aligned with

the first set could improve the array bandwidth characteristics. It
was discovered that the bandwidth of the linear array structure in-
creased as the height of the upper dipole in Figure 2 was increased.
The lower dipole must remain relatively close to the feed line in
order to obtain a satisfactory impedance match for a given dipole-
feed overlap. Radiation by the feed itself is minimized by placing

it near the ground plane.
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During the present investigation, optimization of the double
stacked dipole bandwidth was addressed experimentally. Various
combinations of dipole to feed and dipole to dipole separation were
tested. A plot of the best return loss data for a three-element
linear arry is shown in Figure 10. As indicated, a 10% 2:1 VSWR
bandwidth (-10dB return loss) was achieved. Similar results were
obtained for the required two-element linear array. A plot of the
measured and theoretical H-plane pattern for the three-element
linear array is shown in Figure 11. The sidelobe level of the
measured pattern is within .5dB of the theoretical pattern.

5.0 CONCLUSIONS

The analytical tools used in the past did not adequately model
the element pattern of the EMC microstrip dipole. Previous models
deviated from the actual measured data at large angles (between 60°
and 90°) from broadside. The predicted results presented here show
a very close correlation to measured results for the single element.
This improvement in the single element model leads to corresponding
improvements in multi-element array analytical results. The closed
form far field element pattern expression developed should provide
a convenient means for more accurate prediction of large arrays.

The bandwidth of low profile microstrip radiators has always
presented problems, both from an individual radiator consideration
and also when considering the phase dispersive effects in resonant
arrays. These latter effects will always be present when resonant

arrays become large and must be handled by the overall feed design of
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the array in question. Maximizing the bandwidth of individual radia-
tors will aid in reducing the magnitude of the overall problem. The
results obtained for multielement linear arrays indicate that the
bandwidth can be increased from about three to ten percent. This

greatly increases the applicability of this type of radiator.
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SOME BROADBAND, LOW~PROFILE ANTENNAS

P. Mayes, D. Tanner, R. Waller, J. Drewniak,
T. Szmurlo, A. Boris, and D. Kunkee
Electromagnetics Laboratory
Department of Electrical and Computer Engineering
University of Illinois
Urbana, Illinois

ABSTRACT

Several methods are presented for obtaining broadband

performance from lowrprofile radiating structures.
Computer-aided design can produce reactive matching networks that
increase the theoretical impedance bandwidth of center-fed
cavity-backed slot (CBS) antennas from a few percent to 30% or
more. Attempts to achieve these results in practice fall
somewhat short due to differences between the physical network
and the theoretical model. Putting several CBS elements, even
though high-Q, into a log-periodic array with a sufficiently high
value of scaling factor can produce wideband performance in both

impedance and patterns. A logarithmic spiral arm over a closely

spaced conducting surface (operating as a radiating line) also
displays wideband impedance. Single beam, circularly polarized
patterns are obtained with this logrspiral transmission line
antenna. A log-periodic zigzag slot in a wedge-shaped conducting
surface produces linearly polarized radiation that is

unidirectional when absorber is placed inside the wedge.
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? 1. INTRODUCTION

'f Some systems require, others are simplified by, the use of

)

3 radiating elements that do not protrude beyond a prescribed

# structural surface. Available space and/or economics may also .
S constrain the radiagors from extending much below the surface.

;a Such low-profile radiating elements generally take the form of -
;& either microstrip patches on a thin substrate or cavity~backed

§ slots with very thin cavities. In either case, it is found that

% a single element displays a very narrow bandwidth due to resonant

f’ behavior. Nevertheless, these low-profile elements, especially

Ei the patch radiators, have found widespread application due to

:g their simplicity, ease of construction, and 1light weight.

e Because of the ever-increasing demand for greater system

g bandwidth, it 1is highly desirable to develop radiators that

i? overcome the bandwidth limitations typical of these high~Q

3

R resonators, and yet retain the advantages of low-profile

57 construction. Several promising approaches to obtaining

$ increased bandwidth from low-profile radiators are presented

" here.

:E The impedance bandwidth of any lossy resonant device can be .
;: increased by adding a reactive network at 1its terminals. A

o method of designing such a network for a cavity-backed slot (CBS) .
é shows theoretical promise, but practical difficulties, However,

E using multiple CBS elements, even high-Q ones, in a log-periodic

ﬁ array can produce near-constant impedance over a much wider
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bandwidth than for an individual CBS element. 0Of course,

igij increased directivity and gain that change little with frequency
ﬁg:; . are also obtained with the LPCBS array.

;;Z: Equiangular spirals in free space are well known to have
;é§$ theoretically wunlimited impedance and pattern bandwidths'.
ﬁ%;: ) However, cavity-backed spirals do not retain the free-space
Ty

- characteristics. Achieving even wideband performance from
LW

ﬁéh cavity-backed spirals usually entails putting microwave absorber
@?1‘ in the cavity and accepting the resulting loss in gain., It is
DO

{:éf shown here that a single equiangular spiral arm backed by a
5&:; closely spaced conducting surface displays a very wide impedance
;@%ﬁ bandwidth that is indicative of non-resonant performance.

k- -

}}¥4 Non~resonant behavior can also be expected from a
ii; transmission medium with periodic or log-periodic undulations
‘giz' that produce fast~wave terms in the space spectrum of the near
s N field. Examples are the log~periodic zigzag (LPZZ) wire or strip
:\&ﬁ antennasz. An electromagnetic dual of the LPZZ can be
:}£§ constructed by using a slot 1line in a 1large ground plane.

Broadband impedance is observed regardless of the angle between

the two halves of the LPZZ slot antenna. However, since
unidirectional radiation does not result Ffor small included
angles of the wedgershaped ground surface, best patterns have
been obtained when microwave absorber is placed in the interior

of the wedge.
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2. BROADBAND IMPEDANCE-MATCHING NETWORKS FOR CBS ELEMENTS

Construction and testing of external matching networks for

"ok e

cavity-backed slots are greatly simplified by using microstrip

i "t

feeder to excite the slot. A typical two-port CBS antenna is

e

shown in Figure 1. Although the cavity shown there is relatively

; deep (0.675-in), similar results can be obtained with shallower -
ones. Using the two-port feed allows one to evaluate the element

¢ for use in a series-fed array. The feed can be readily converted

! to one~port by shorting the microstrip to the ground plane on the

side of the slot opposite the generator. Feeding the slot
directly in the center presents a worst-case condition with
respect to matching to 50~ohms since the slot impedance at
resonance is very much higher (425 ohms). Center feed guarantees
R symmetry of the radiation patterns about the vertical plane

I tnrough the center,

The design of a broadhand matching network follows the
theory of bandpass filters except for the difference in level of

the input and output resistances. In the vicinity of the first

Jon o

v resonance, the slot impedance varies as that of a shunt resonant

N

circuit, The matching network for such a load involves coupled ’
N quarter-wave sections of 11ne3. If the input and output
re3istances were equal, the coupled sections would be

symmetrical; data for the design of such sections in microstrip

T Ly

are available in the literature. However, since the resistances

are not equal, the required coupled sections are asymmetrical.
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An extensive search of the literature failed to produce design
equations for asymmetrical coupled sections in microstrip.
However, the shunt resonance can be changed into a series
resonance by using a uniform section of 1line that (s
approximately one-quarter wavelength 1long at the resonant
frequency of the slot. This section can also be used to
substantially lower the resistance that must be matched to 50

ohms. The matching network for a series resonant load involves
only shorted stubs and it is thus easy to realize in microstrip.
The form of the matching network for four resonators (N=U4) is

shown in Figure 2b where Z, represents the impedance of the slot

A

after transformation through the quarter-wave section.

If the CBS impedance locus conformed exactly t'o a series
resonant circuit, design equations in the literature would yield
a good result. However, the deviations from the ideal impedance
Wwill cause less than optimal performance from the network so
designed. Hence, only the form of the matching network was taken
from the published design procedure3 and the actual element
values were determined by wusing a computer to minimize the

magnitude of S over the desired operating band. Figure 3 shows

11
the behavior of three different matching networks, Case A simply
uses two quarter~wave transformers in cascade to bring the

resistance level close to 50 ohms at the resonant frequency (1.1

GHz) of the slot. The limited bandwidth obtained in this way is

obvious and it is presented primarily for comparison purposes. '
|

109 :

S TN L N Lt NN L N N SN
SRS L SR OSSR A M AT AL A A0 g |




3 FSa s - 3 J AT > - " b o 408 1 4.2 4

«n'--}-

6
i
f’l
" Cases B and C show the results obtained from a network with N=3
t
a: designed to operate over a 30% bandwidth, These two cases differ
5: in that a weighting factor was applied in Case C to emphasize the
\ error in the desired value of S11 at resonance. This was needed ’
f%y to equalize the minima for the case N=3.
A -
ii The theoretical performance of the matchihg network displays
§ significant'increase in the impedance bandwidth of a single CBS
? antenna. However, any practical realization of this network will
8
% deviate somewhat from the theoretical representation due to
?4 errors in construction and modeling. Figure U shows measurements
y
i; made on three different matching networks designed according to
E< )
;» the foregoing procedure with no trimming to attempt to achieve
? the theoretical performance. Note that the frequency of best
N
f match is shifted. This indicates that the theoretical stub
% lengths were not achieved. Note also that the match deteriorates
i progressively away from resonance, not displaying the multiple
:i minima for S11 that are characteristic of the theoretical
o performance of the designed network. This indicates that the

network will require more precise modeling to accomplish the

theoretical performance.

3. A LOG-PERIODIC ARRAY OF CAVITY~BACKED SLOTS

T et

The success of log-periodic dipole arrays indicates that it

is possible to combine several resonant elements in a structure

that has wideband impedance and patternsu's. However, the
higher the Q of each element, the higher the value the scale
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factor T must be to achieve a given level of frequency
independent performance. It is therefore expected that an array
of CBS elements with very shallow cavities will require a rather
high value of 1 (close to unity). Furthermore, since it would
be inconvenient to scale the cavity depth from element to
element, it may be necessary to modify the value of 1 along the
structure in order to compensate for the changing Q of the
elements. Figure 5 shows a top view of a modified LPCBY array
having only four elements. The value of 1 is taken equal to 0.94
for the first two elements and equal to 0.92 for the remainder.
This antenna was constructed from double-clad Rexolite 2200
(relative permittivity of 2.6) substrate 0.125-in thick. The
walls of the cavities were formed by placing screws at 0.5~in
intervals around the largest cavity and at correspondingly

smaller spacings for the other cavities.

The MLPCBS antenna of Figure 5 was excited by a meandering
microstrip like that shown in Figure 6. The excess line between
adjacent cavities is required to produce backfire phasing of the
active region. Figure 7 shows azimuthal radiation patterns
illustrating that a backfire beam is indeed obtained over a
bandwidth that is consistent with the small number of elements on
this antenna. Although the front-to-back ratio remains almost
constant from below 1 GHz to above 1.1 GHz, the particular
parameter: of this antenna may not represent those that produce

the best obtainable value. Figure 8 shows the ST, measured for
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oy an MLPCBS antenna illustrating reasonable impedance performance
't over the aforementioned band. Values of S11 below 1 GHz are
0
[
=Jﬂ affected by the matched load placed on the end of the feeder.
§
ﬁ: This is illustrated by the measured values of 821 shown in Figure *
;ﬁ 9.
s"‘
i -
%
o 4, LOG-SPIRAL TRANSMISSION LINE ANTENNAS
W
v
To achieve more nearly frequency—-independent performance
o
fg from cavity-backed spirals, a fundamentally different mode of
L5
R operation has been studied. Rather than exciting one spiral arm
t against another as is customarily done, one or more spiral arms
)
Y
A have been excited against a closely spaced conducting surface.
3? Figure 10 shows the outline of a slot cut in a conducting plane
a
e
using two equiangular spirals to form the edges of the slot.
(3
et
:::: Near the small end of this structure a single arm of a spiral
)
: aonductor can be excited as the contlnuation of a TEM mode
%)
transmission line. Figure 11 shows the details of feeding the
B
5: spiral arm against a closely spaced conducting plane using a
X
N
k’ coaxial ecable, The spiral arm can be a considered to be a strip
"W
transmission line that has curvature and expanding width. Early
2o
2y measurements confirmed that this line is capable of radiating .
...
&
;‘ enough energy so that its termination at sufficient distance from
1
- the feedpoint does not affect the impedance observed at the .
<
: feedpoint. This elimination of the large~end truncation effect
.% is, »nf course, essential in achieving frequency-independent
; performance from a structure with finite size, Elimination of
3
X 112
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jk_ the truncation effect was also established by measuring 811 over
‘g an extended frequency band and the results are shown in Figure
ES 12. Although some truncation effect is apparent near 1 GHz, the
i] locus quickly converges to a rather compact region at higher
. frequencies. However, there is a pronounced tendency for the
¥

ﬁ . center of the impedance locus to move down the real axis as the
)

h frequency is increased. Nearrfield measurements were made by

inserting a small probe through the conducting surface behind the
) spiral arm. Although these measurements confirmed that the field
was small at the 1large end of the spiral at the higher

frequencies, the variation with distance from the feedpoint was

}i not the simple exponential that had been observed and computed
&' earlier for two—-arm, balanced spirals in free space.

‘

:5 Modifications of the antenna were made to conform more
53 closely to the theoretically ideal self-scaling structure,
" First, the spiral arm was pulled away from the conducting
?, backplane at the large end, thus making the spiral coincide more
35 closely to a conical surface. Near-field measurements cn this
% structure do display an exponential law for decay. They also
u indicate that the field along one edge of the spiral arm is much
;: larger than that along the other edge and that the wave along the
b

:f . edge with the larger field has phase velocity that is greater
:) than the intrinsic value for free space. The measured values of
i% 511’ although compact over relatively wide bands, again display a
;b path which wanders over the Smith Chart as shown in Figure 13.
4

i

113

.(,'\) ’1
PORSY



-

a———

e o

P
-

]

R -
el 0 2o 3 )

e

¢
4
3

R

10

Recent modifications in the antenna have included using a planar
spiral arm backed by a closely spaced conical conducting surface.
Attention to the details of the feedpoint region 1is very
important in the achievement of a tight impedance locus over a
very wide band. Figure 14 shows the results that have been
obtajned using a 0.085~in diameter coaxial cable to feed a
log-spiral transmission 1line antenna that starts with =zero
curvature at the feedpoint. In this case, the transition to
log-spiral geometry takes place rather quickly, about 1~in from
the feedpoint. Antennas with less abrupt transitions are under

investigation.

The one-arm spiral antenna produces a single beam. The
pattern is nearly circularly polarized over most of the bean.
Figures 15-17 show patterns measured with a spinning dipole to
illustrate the polarization as a function of elevation angle.
Four cuts at different azimuth angles are shown for each
frequency. Asymmetries present in these patterns are believed to
be associated with the rather slow rate of spiral used in this
antenna (a=0.2). Work is also currently underway to test spiralé

with tighter wrap.

5. A LOG-PERIODIC ZIGZAG SLOT ANTENNA

Log-periodic zigzag wires and strips have long been known to
produce frequency-independent performancez. A typical LPZZ strip
antenna is shown in Figure 18. The parameters of this antenna
are the angle o which defines the extremities of the conductors,
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the angle 8 which defines the width of the strip, and the angle Y
between the planes of the conductors. The conversion of this
geometry to a zigzag slot 1is illustrated in Figure 19.
Excitation across the gap at the small end produces a traveling
wave along the slot in a manner similar to the traveling wave
that is excited by placing a generator between the tips of the
strips in Figure 18. Figure 20 shows measured values of S11 for
an LPZZ slot antenna with the parameters given in Figure 19.
Once again, the compact locus indicates the absence of largerend
truncation effects. Unlike that of the LPZZ strip, however, the
median value of impedance, approximately 80 ohms, is not
influenced by the angle between the two sides of the wedge-shaped
conducting surface. This is due to the basic difference in field
configuration for the slot antenna in that the electric field is

developed between the edges of the slot, and not between the two

sides of the wedge.

The aforementioned differences in fields between the LPZZ
strip and slot antennas also cause differences in pattern
performance. Whereas unidirectional patterns are obtained from
LPZZ strip antennas with small wedge angles, such is not the case
with the LPZZ slot. The unidirectional patterns shown in Figure

21 were obtained by placing absorber within the wedge.

6. CONCLUSIONS
Several techniques that show promise for producing very

broadband impedance and pattern performance from lowrprofile
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antennas have been presented. Although the use of external
impedancermatching networks has been shown to be theoretically
capable of increasing impedance bandwidths of high-Q elements
from only a few percent up to 30 percent or more, the practical .
realization of increases this large will be dependent upoun
reducing the differences between the physical networks and the -
theoretical models thereof. The technique would be wuseful in
reducing the Q of narrowrband elements that might be used as
elements in a log-periodic array. Although it has been shown
that 1log-periodic arrays of high-Q elements can be made to
operate in a frequency-independent manner if the value of scaling
factor 1 is taken to be sufficiently large, reduction in the Q of

the elements would permit a similar reduction in 1t without 1loss

in performance. Greater bandwidth could then be covered by an
antenna having the same physical size as another but a lower

value of 1.

A new mode of operation of logarithmic spirals, involving
excitation against a closely spaced conducting surface, produces
negligible large-end truncation effect. Exponential decay of the
near fields ({3 due to fast-~wave phase velocity induced by the y
curvature of the arm, With proper attention to maintaining
self-scaling geometry, the logrspiral transmission line antennas
can have very nearly constant input impedance over bandwidths
greater than 10 to 1. Although the patterns display beams of

predominantly circular polarization, asymmetries are observed
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that are likely associ~ted with the rate of spiral.

Log~periodic zigzag slot antennas have also been observed to
have little large-end truncation. This leads to stable input
impedance over wide frequency bands. Near-constant,
unidirectional beams are obtained from wedge-shaped LPZZ slot

antennas by placing absorber inside the wedge.
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Figure 1. Cavity-backed slot antenna with microstrip feeder.
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" Figure 8. Sll versus frequency for a modified LPCBS array.
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Figure 10. Top view of a planar log-spiral transmission line
antenna.
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Figure 1lla. Side view of the planar log~spiral transmission
line antenna.

Figure 1llb. Photograph ol the planar one-arm log-spiral

transmission line antenna.
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Figure 12. TInput impedance of a planar one-arm log-spiral
transmission line antenna.
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Figure 13. Input impedance of a planar one-arm log-spiral
transmission line antenna.
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Figure 15. Radiation patterns for the conical one-arm: 5 GHz.
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A DUAL FEED DUAL POLARIZED
LOG-PERIODIC HF ANTENNA SYSTEM

B D.V. Campbell, P. Dubowicz
B. Feigenbaum, K. Loffer
U.S. Army Communications Electronics Command
Fort Monmouth, New Jersey (07703
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| Abstract

3!‘ A

. R

?: This paper describes a lightweight wire
= log-periodic HF antenna system incorporating two

" separate feeds and capable of horizontal, vertical or
‘ mixed polarization., This antennra system evolved from a

:: narrow band HALF SQUARE ANTENNA prototype. The elevated
L dual feed system allows this antenna to operate with
& minimal dependence on the earth and it provides for
3 polarization diversity reception and optional low-angle
>, or high-angle radiation modes.

[
Mgl . . .
K A full-size experimental antenna was built to cover
Sﬁ the 8 to 30 MHz frequency range. Tests confirm that
W this experimental antenna exhibits the expected
Ao broadband impedance behavior peculiar to certain
) log-periodic structures, Computer modeling by the
X method-of-moments indicates that this antenna system is
'q capable of good gain and pattern performance,
N

!
h& 1. Introduction
x’l
~; Effective high frequency antennas, which are also
M
& . . . . .
ag compatible with the varied and demanding requirements
X
B
R peculiar to military tactical communicatior.,, are by no
)
means easily engineered., Military radios operate from 2

N
‘ﬁ to 30 MHz or higher and vary in power from watts to
< kilowatts. The communication systems may be fixed,
;. . transportable, vehicular, man portable, or airborne and
1

‘ﬁ employ ground wave or ionospheric propagation over
'-d

- short, medium, or long range paths,
o J
Fa The required mobility dictates small antenna size
(4"
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but electrical performance will be compromised if the
antenna is made too small in terms of the wavelength.
The broa.: frequency range which spans four octaves
complicates the design of efficient antennas. .
This paper is concerned with an experimental HF
log-periodic wire antenna intended to use on short,
medium and long range ionospheric paths. Because this
antenna incorporates a dual feed system, it can be used
for polarization diversity reception or to radiate at
high or 1low take off angles to suit the skywave
transmission path.
2. HALF SQUARE ANTENNA PROTOTYPE

2.1 Single feed half square antenna

The log-periodic antenna, which is the subject of
this paper, evolved from a prototype. known as the HALF

(1

SQUARE antenna This antenna consists of a half
wave horizontal wire connected to quarter wave vertical
wires at either end. As originally described in the
amateur radio literature, one of the vertical wires is
fed against ground while the opposite end of the antenna
is "open circuited" so that it does not connect to

ground. See Fig. 1.

2.2 Method-of-moments analysis

The method-of-moments was used to determine the

pecformance of the antennas discussed in this paper.
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Solutions were obtained using the MINI-NUMERICAL
ELECTROMAGNETICS CODE-MININEC [2] and the NUMERICAL
ELECTROMAGNETICS CODE-NEC [3]. These codes provide
numerical solutions for the antenna currents from which
all of the important antenna properties, such as
impedance and radiation patterns, can be computed.
These codes are capable of including ground effects.
MININEC is a very small code written in BASIC which can
be run on a desk top computer. The NEC program is

written in FORTRAN and requires a large computer.

2.3 cCurrent distribution-single feed

The current distribution on the HALF SQUARE ANTENNA
corresponds to that of a full wave antenna having a
current node at its midpoint and current loops a quarter
wave from each end. See Fig. 2. This distribution
causes the currents in the vertical wires to be in phase
and radiation to be bidirectional and broadside to the
antenna. The E-field polarization is predominantly
vertical.

2.4 Dual feed half square antenna

By adding a second feed to the HALF SQUARE ANTENNA,
and by locating these feeds at the current loops, the
antenna can then be excited in two different modes-one
favoring low-angle radiation and the other high-angle

radiation. By feeding at the current loop, a low
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) impedance is obtained which is compatible with the
g: impedance of standard coaxial cable transmission line.
izé Current coupling from one half of the antenna to
\Tr the other is eliminated by cutting the horizontal wire ’
ﬁg at 1its midpoint and inserting an insulator. This
i? separation also reduces the effects of structural ‘
o unsymmetries,

]

1%3 The half square antenna with dual feed is shown in
g% Fig. 3. This antenna is the basic element used in
"

E; constructing the log-periodic antenna discussed in
!

fﬁ section 3.

%“: 2.5 Current distribution-inphase mode

- wWhen the exciting voltages cause the currents in
NN

&% the vertical wires to be inphase, the dual feed HALF
s

?f? SQUARE ANTENNA will then perform essentially the same as
;j the single fed antenna discussed in section 2.3. The

‘]
Kl

current distribution is shown in Fig. 4.

2

2.6 Radiation patterns-inphase mode

: -~
- w e 3

The azimuthal and elevation gain patterns for

inphase excitation are shown in Figs. 5 and 6. The

elevation pattern (Fig. 6.) shows that the HALF SQUARE

ANTENNA is a good low~angle radiator and therefore
suitable for medium or long range (1500-4000 kilometer)
ionspheric paths,

2.7 Current distribution-antiphase mode
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When the two feeds are excited so that the vertical
wire currents are antiphase, the antenna will then favor
high-angle radiation and horizontal polarization. The
current distribution is given in Fig. 7.

2.8 Radiation Patterns-antiphase mode

The azimuthal and elevation gain patterns for
antiphase excitation are shown in Figs. 8 and 9. The
elevation pattern (Fig. 9.) indicates that the HALF
SQUARE ANTENNA radiates effectively at high take-off
angles when excited antiphase. High take-off angle
radiation is suitable for short range (800 kilometer)
ionospheric paths.

3. DUAL FEED LOG-PERIODIC ANTENNA

3.1 Description of log-periodic antenna

The dual feed HALF SQUARE ANTENNA prototype
discussed above has been incorporated in a log-periodic
structure to secure increased gain, unidirectional
radiation, wide bandwidth and 1increased flexibility.
The log-periodic antenna is shown in Fig. 10. This
antenna is composed of dual feed half square elements
dimensioned according to log-periodic design procedures.

- 3.2 Experimental antenna

An experimental 15 element log-periodic antenna was
constructed to cover the upper two octaves of the high

frequency range. This antenna is designed to operate
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- from 8 to 30 MHz. The antenna is composed of HALF
N SQUARE elements made of #14 gauge wire and is supported

by two lightweight 40 foot masts. The antenna occupies

251
2
Y
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an area measuring approximately 120 feet 1long and 70

feet wide, The antenna height decreases to 4 feet at
the shortest element.

The antenna elements are arranged and fed in

P
s?' more-or-less the same manner as a conventional
3l log~periodic antenna-except for the dual feed system.
'
| Open wire transmission lines are used to feed each half
YU
. of the antenna. These transmission 1lines have a
:? characteristic impedance of approximately 300 ohms.
3.3 Voltage-standing-wave-ratio

by ™
‘ud . .
{} The measured VSWR of the experimental log-periodic
by
1ol . . . . .
> antenna between 8 and 32 MBZ is given in Fig. 11. This
iy measurement confirms the broadband impedance behavior of
’%Z this antenna for both modes of excitation. For this
b
;? test the antenna was fitted with a 50 ohm combiner and a
o
~ pair of four-to-one impedance matching transformers.
B .-J'
‘o . L
‘B 3.4 Theoretical radiation patterns
¢

3g
.- A computer model of the log-periodic antenna was
[l%

- investigated using NEC. This model was based on the
"y, *
- dimensions used in the experimental antenna but only the
N

- ten shortest elements were included to reduce computer
4 time.
e
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The calculated radiation patterns at 10 MHz for
both modes of excitation are given in Figs. 12, 13, 14,
and 15, In general the patterns indicate that the
antenna radiates effectively at low angles when excited
in the inphase mode and at high angles when excited in
the antiphase mode. Similar patterns have been
calculated at 15 MHz and at 8 MHz. It is likely that
the radiation patterns will not change significantly up
to 30 MHz but this has not been confirmed.

Conclusions

Use of the dual feed HALF SQUARE ANTENNA as the
basic element in a log-periodic antenna has been
demonstrated experimentally and by numerical modeling.
The two independent feeds enable this antenna to be
excited inphasé or antiphase so that the radiation
pattern can be adapted to low-angle or high-angle
ionospheric propagation. The dual feed capability =2lso
lends itself to polarization diversity reception. This

antenna has not been tested with a diversity combiner,

:c however.
o)
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Fig. 1. Single feed half square antenna
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A DUAL FREQUENCY MICROSTRIP ANTENNA FOR Ka BAND

Richard Q. Lee and Maurice F. Baddour
National Aeronautics and Space Administrattion
Lewls Research Center
Cleveland, Ohio 44135

SUMMARY

For fixed satellite communication systems at Ka band with downlink at
17.7 to 20.2 GHz and uplink at 27.5 to 30.0 GHz, the focused optics and the
unfocused optics configurations with monolithic phased array feeds have often
been used to provide muitiple fixed and multiple scanning spot beam coverages.
1t appears that a dual frequency microstrip antenna capable of transmitting
and receiving simultaneously is highly desirable as an array feed element.
This paper describes some early efforts on the development and experimental
testing of a dual frequency annular microstrip antenna. The antenna has
potentlal application for use in conjunction with a monolithic microwave inte-~
grated circuit device as an active radiating element in a phased array of
phased array feeds. The antenna 1s designed to resonate at TMy; and TMy;
modes and tuned with a circumferential microstrip ring to vary the frequency
ratio. Radiation characteristics at both the high and low frequencies are
examined. Experimental results including radiating patterns and swept fre-
quency measurements are presented.

INTRODUCTION

Microstrip antennas are attractive as radiating elements for space com-
munication systems because of their inherent advantages of compact structure,
weight and cost. Dual frequency microstrip antennas have the additional fea-
ture that a single antenna element can transmit or receive in two discrete
bands simultaneously. The research on dual frequency microstrip antenna has
been extensive, and many different configurations have been described (refs. 1
and 2). However most of the work reported thus far are for low frequency
applications. Recently, a hybrid multiport theory for analyzing these anten-
nas has been developed (ref. 3). Theoretical results based on this theory are
found to be in excellent agreement with measured results.

The annular microstrip antenna appears uniquely suited for dual frequency
application. Unlike rectangular microstrip antennas, the resonant frequencies
of such antennas are not harmonically related. Thus, the frequency ratio of
any two modes can be varied by choosing the inner and outer radii. In addi-
tion, higher gain and easter matching can be achieved, for the size of the
annular microstrip is generally larger than the rectangular microstrip antenna
at Ka band.

This paper describes some early efforts on the design and experimental
testing of dual frequency annular microstrip antennas at Ka band. Preliminary
experimental results for a single annular microstrip antenna and a 2 by 2
microstrip array are presented. No attempt has been made to optimize the
antenna performance. Thus, the results obtained thus far primarily estab-
1ished the feasibility of this approach and the potential for future
improvement.
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Annular Microstrip Antenna QDesign

Based on a radial cavity model for a thin microstrip antenna and with the
application of the usual magnetic wall boundary conditions, the resonant fre-
quency of an annular microstrip antenna, as pictured in figure 1, can be com-
puted from the characteristic equation for the resonant modes (ref. 4):

Jé(ka)Y&(kb) - Ja(kb)Ya(ka) =0

@
with k = c VEE

where a and b are the inner and outer radii respectively; o 1is the reso-

nant radian frequency; ¢ 1s the speed of 1ight, and e4 1is the relative ,
‘dielectric constant of the substrate. The quantities Jp(x) and Yp(x) are

the derivatives of the Bessel functions of the first and second kind of order

n respectively. The integer n 1s the azimuthal mode number.

To design the annular microstrip antenna for dual frequency operation,
the high and low frequency bands are chosen to satisfy the design requirements
of polarization, frequency ratio, antenna dimension and input impedance. In
general, the antenna dimension and the resonant frequencies can be easily
determined by computing the roots of the characteristic equation for any given
radi¥ a and b. However, a more rigorous analysis (ref. 3) must be applied
for accurate prediction of the input impedance and radiation patterns.

It has been reported (refs. 5 and 6) that the TMy, mode of the annular
microstrip antenna has relatively wide bandwldth and hence is more suitable
for antenna applications. Based on this information, the TMy, and TM;; modes
have been chosen as operating modes for the Ka band. In order to illustrate
the frequency separation between different modes with respect to antenna radij
a and b, the resonant frequencies for the lower-order modes of the annular
microstrip antenna have been computed numerically using the iteration tech-
nique. The results are plotted in figures 2 and 3 as a function of b/a, the
ratio of outer radius to inner radius. Figure 2 shows the resonant frequen-
cles of the lower-order modes as a function of b/a with a = 0.1 ¢mand b
varted; fiqure 3 shows the same with b = 0.9 cm and a varied. As demon-
strated graphically, the variation of the outer radius b produces a greater
impact on the resonant frequencies as compared to the inner radius a. With
the radiy a and b properly chosen, it appears that the frequency require-
ment for dual frequency operation at Ka band can be satisfied with 1i1ttle fre-
quency tuning required. The resonant frequencies for the TMy, and the ™13
mode and their corresponding frequency ratio for various radit a and b are
tabulated in table 1. From these tabulated results, the following observa-
tions are made: (1) the frequency ratios decrease with increasing b/a, (2)
for cases considered, th: frequency ratio is found to be around 1.6, and (3)
by holding the inner radius constant, the resonant frequency generally

]

x{i: decreases with an increase in the center radius b. -
s
'v‘:'.':
Lo EXPERIMENTAL RESULTS

. : Based on results of table 1, a single annular microstrip antenna with an
,:;f inner radius a = 0.1 cm and an outer radius b = 0.93 cm has been fabricated
0N and experimentally tested. Table 2 compares the calculated and the measured
Laees .
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resonant frequencies for the TMy, and the TMj3 modes. As shown, the resonant
frequencies predicted by the characteristic equation agree reasonably well
with the experimentally measured values. The deviation between the calculated
and the measured values 1s found to be about 3 %. The swept frequency mea-
surements for the two frequency bands are displayed in figures 4 and 5. These
results clearly demonstrate the feasibility of dual frequency operation at Ka
band with a single antenna. The corresponding radiation patterns for the same
antenna are shown in figures 6 to 9.

A 2 by 2 microstrip array of identical radiating elements as described
above has been fabricated and experimentally tested. The spacing between ele-
ments 1s 2 cm. The array 1s tested with a symmetric microstrip power dividing
network. The radiation patterns for the high and the low frequency bands are
shown in figures 10 to 13.

The usefulness of the dual frequency microstrip antennas is greatly
enhanced 1f the frequency ratios can be varted over a wide range. In fact,
the bandwidth of the microstrip antenna can be broadened if the two discrete
bands of the high and low frequenctes has a frequency ratio approaching unity.
There exist three well established techniques for frequency tuning. Using
these techniques, the frequency ratio of a rectangular microstrip antenna has
been effectively reduced to about 1.07 at x-band frequencies or less (ref. 7).
Because of the small antenna size at Ka band, frequency tuning of the annular
microstrip antenna has been attempted using a circumferential microstrip line.
This technique has been found very effective for the TMy; mode, but less effec-
tive for the TMj3 mode. Experimental results i1lustrating frequency tuning of
an annular microstrip antenna are shown in figure 14. .

CONCLUSION

Preliminary experimental data demonstrate that an annular microstrip
antenna can be designed for dual frequency operation at Ka band. By properly
choosing the inner and the outer radii of the antenna, a frequency ratto of
approximately 1.6:1 between the high and the low frequency bands can be
achieved. The resonant frequency of the TM;, mode can be varied over a range
of about 1 GHz with a circumferential microstrip 1ine. Further improvement in
the antenna performance is possible with better impedance matching and more
effective frequency tuning of the TMy; mode.
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TABLE 1. - RESONANT FREQUENCIES FOR

TH12 AND TH]3 MODES VERSUS ANTENNA
RADII a AND b (cr = 2.1)

(a) a fixed, b varied

a b bra | fy2 | fy3 (f13/F12
0.1 |0.75 | 7.5 {22.2]35.9 | 1.62
0.y |0.80 ) 8.0 [20.9]33.7 | 1.6
0.y |0.85)| 8.5 }19.7|31.7 | 1.60
0.1 [0.90| 9.0 |18.7|29.9 | 1.60
0.1 |0.95(| 9.5 [17.7(28.4 ]| 1.59
0.1 §1.00 |10.0 |16.9}27.0 | 1.59

(b) b fixed, a varied
0.06 15.00]19.2}30.5 ] 1.58

0.9

0.9 |11.25]18.9]30.1 | 1.59
0.101 0.9 9.00)18.7}29.9 ] 1.60

0.9 7.50118.5129.9 | 1.62

0.9 6.40 | 18.3 {30.1 | 1.64

Table 2. - CALCULATED AND MEASURED
RESONANT FREQUENCIES FOR THE
ANNULAR MICROSTRIP ANTENNA
(a =0.1cm, b =0.93 cm,

€ = 2.2)
Modes, | Calculated | Measured | Deviation,
m,n resonant resonant | percent
frequency, | frequency,
GHz GHz
(1.2) 17.7 17.4 1.1
(1.3) 28.3 29.2 3.0
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A DUAL FREQUENCY MICROSTRIP ANTENNA FOR Ka BAND

Richard Q. Lee and Maurice F. Baddour
Natlonal Aeronautics and Space Administration
Lewis Research Center
Cleveland, Ohio 44135

SUMMARY

For fixed satellite communication systems at Ka band with downlink at
17.7 to 20.2 GHz and uplink at 27.5 to 30.0 GHz, the focused optics and the
unfocused optics configurations with monolithic phased array feeds have often
been used to provide multiple fixed and multiple scanning spot beam coverages.
It appears that a dual frequency microstrip antenna capable of transmitting
and recetving simultaneously 1s highly desirable as an array feed element.
This paper describes some early efforts on the development and experimentail
testing of a dual frequency annular microstrip antenna. The antenna has
potential application for use in conjunction with a monolithic microwave inte-
grated circuilt device as an active radiating element in a phased array of
phased array feeds. The antenna is designed to resonate at TMy, and TMy;
modes and tuned with a circumferential microstrip ring to vary the frequency
ratio. Radlation characteristics at both the high and low frequencies are
examined. Experimental results including radiating patterns and swept fre-
quency measurements are presented.

E-2737

INTRODUCTION

Microstrip antennas are attractive as radiating elements for space com-
munication systems because of their inherent advantages of compact structure,
weight and cost. ODual frequency microstrip antennas have the additional fea-
ture that a single antenna element can transmit or recetve in two discrete
bands simultaneously. The research on dual frequency microstrip antenna has
been extensive, and many different configurations have been described (refs. 1
and 2). However most of the work reported thus far are for low frequency
applications. Recently, a hybrid multiport theory for analyzing these anten-
nas has been developed (ref. 3). Theoretical results based on this theory are
found to be 1n excellent agreement with measured results.

The annular microstrip antenna appears uniquely suited for dual frequency
application. Unlike rectangular microstrip antennas, the resorant frequencies
: of such antennas are not harmonically related. Thus, the frequency ratio of
Tn any two modes can be varied by choosing the inner and outer radii. In addi-
!! tion, higher gain and easier matching can be achieved, for the size of the
f annular microstrip is generally larger than the rectangular microstrip antenna
- at Ka band.

Y

ﬁ- This paper describes some early efforts on the design and experimental

n testing of dual freqtency annular microstrip antennas at Ka band. Preliminary

i experimental resuits for a sirgle annular microstrip antenna and a 2 by 2

) microstrip array are presented. No attempt has been made to optimize the

E antenna performance. Thus, the results obtained thus far primarily estab-
1ished the feasibility of this approach and the potential for future

R improvement.
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Annular Microstrip Antenna Design

Based on a radial cavity model for a thin microstrip antenna and with the
application of the usual magnetic wall boundary conditions, the resonant fre-
quency of an annular microstrip antenna, as pictured in figure 1, can be com-
puted from the characteristic equation for the resonant modes (ref. 4):

Ja(ka)Ya(kb) - JA(kb)Y&(ka) =0

=]
with sz“/‘_d

where a and b are the inner and outer radid respectively; o 1s the reso-
nant radian frequency; ¢ 1s the speed of 1ight, and e4 1s the relative
‘dielectric constant of the substrate. The quantities Jp(x) and Yp(x) are
the derivatives of the Bessel functions of the first and second kind of order
n respectively. The integer n 4s the azimuthal mode number.

To design the annular microstrip antenna for dual frequency operation,
the high and low frequency bands are chosen to satisfy the design requirements
of polarization, frequency ratio, antenna dimension and input impedance. 1In
general, the antenna dimension and the resonant frequencies can be easily
determined by computing the roots of the characteristic equation for any given
radil a and b. However, a more rigorous analysis (ref. 3) must be appiied
for accurate prediction of the input impedance and radiation patterns.

It has been reported (refs. 5 and 6) that the TMy, mode of the annular
microstrip antenna has relatively wide bandwidth and hence i1s more suitable
for antenna applications. Based on this information, the TMy, and TM;q modes
have been chosen as operating modes for the Ka band. In order to illustrate
the frequency separation between different modes with respect to antenna radij
a and b, the resonant frequencies for the lower-order modes of the annular
microstrip antenna have been computed numerically using the tteration tech-
ntque. The results are plotted in figures 2 and 3 as a function of b/a, the
ratio of outer radius to inner radius. Figure 2 shows the resonant frequen-
cles of the lower-order modes as a function of b/a with a = 0.1 cmand b
varied; figure 3 shows the same with b = 0.9 ¢m and a varied. As demon-
strated graphically, the variation of the outer radius b produces a greater
impact on the resonant frequencies as compared to the inner radius a. With
the radi¥ a and b properly chosen, it appears that the frequency require-
ment for dual frequency operation at Ka band can be satisfled with 11ttle fre-
quency tuning required. The resonant frequencies for the TMy, and the ™13
mode and their corresponding frequency ratio for various radii a and b are
tabulated in table 1. From these tabulated results, the following observa-
tions are made: (1) the frequency ratios decrease with increasing brsa, (2)
for cases considered, tho frequency ratio is found to be around 1.6, and (3)
by holding the inner radius constant, the resonant frequency generally
decreases with an increase in the center radius b.

EXPERIMENTAL RESULTS

Based on results of table 1, a single annular microstrip antenna with an
inner radius a = 0.1 cm and an outer radtus b = 0.93 cm has been fabricated ‘
and experimentally tested. Table 2 compares the calculated and the measured
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resonant frequencies for the TMy> and the TMy3 modes. As shown, the resonant
frequencies predicted by the characteristic equation agree reasonably well
with the experimentally measured values. The deviation between the calculated
and the measured values 1s found to be about 3 %. The swept frequency mea-
surements for the two frequency bands are displayed in figures 4 and 5. These
results clearly demonstrate the feasibility of dual frequency operation at Ka
band with a single antenna. The corresponding radiation patterns for the same
antenna are shown in figures 6 to 9.

A 2 by 2 microstrip array of identical radiating elements as described
above has been fabricated and experimentally tested. The spacing between ele-
ments 1s 2 cm. The array 1s tested with a symmetric microstrip power dividing
network. The radiation patterns for the high and the low frequency bands are
shown in figures 10 to 13.

The usefulness of the dual frequency microstrip antennas is greatly
enhanced if the frequency ratios can be varled over a wide range. In fact,
the bandwidth of the microstrip antenna can be broadened if the two discrete
bands of the high and low frequencies has a frequency ratio approaching unity.
There exist three well established techniques for frequency tuning. Using
these techniques, the frequency ratio of a rectangular microstrip antenna has
been effectively reduced to about 1.07 at x-band frequencies or less (ref. 7).
Because of the small antenna size at Ka band, frequency tuning of the annular
microstrip antenna has been attempted using a c¢ircumferential microstrip line.
This technigue has been found very effective for the TMy, mode, but less effec-
tive for the TMj3 mode. Experimental results 11lustrating frequency tuning of
an annular microstrip antenna are shown in figure 14. .

CONCLUSION

Preliminary experimental data demonstrate that an annular microstrip
antenna can be designed for dual frequency operation at Ka band. By properly
choosing the inner and the outer radii of the antenna, a frequency ratio of
approximately 1.6:1 between the high and the low frequency bands can be
achieved. The resonant frequency of the TM;, mode can be varied over a range
of about 1 GHz with a circumferential microstrip 1ine. Further improvement in
the antenna performance is possibie with better impedance matching and more
effective frequency tuning of the ™3 mode.
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TABLE 1. - RESONANT FREQUENCIES FOR
TH]2 AND TM]3 MODES VERSUS ANTENNA
RADII a AND b (er = 2.1)

(a) a fixed, b varied

a b b/a f‘|2 f]s f'|3/f]2
0.1 ] 0.715] 7.5 |22.2]135.9{ 1.62
0.1 {0.80 | 8.0 [20.9(33.7 | 1.61
0.7 ]0.85] 8.5 [19.731.7 | 1.60
0.1 {0.90{ 9.0 {18.7(29.9 { 1.60
0.1 [ 0.95| 9.5 |17.7128.4 | 1.59
0.1 11.00 110.0 }16.9}127.0 } 1.59

{b) b fixed, a varied
0.06 0.9 ]15.00119.2{30.5{ 1.58
0.0810.9 [11.25118.9}30.1 1.59
0.10] 0.9 9.00}18.7129.9 | 1.60
0.121 0.9 7.50118.5129.9 | 1.62
0.14]1 0.9 6.40 | 18.3 | 301 1.64

Table 2. -~ CALCULATED AND MEASURED
RESONANT FREQUENCIES FOR THE
ANNULAR MICROSTRIP ANTENNA
(a=0.1cm b=10.93 cm,

€& = 2.2)
Modes, | Calculated | Measured | Deviation,
m,n resonant rescnant | percent
frequency, | frequency,
GHz GHz

. (1.2) 17.1 17.4 1.7

(1.3) 28.3 29.2 3.0
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TRAVELING—WAVE UIPOLZ AFRRAY F2R
HF -VHF -UHF TACTICAL DF Sy &Tenag

SAM C. KO, HOLLY CQOK », HOWARD B 2O HIMAN
GTE GOVERNMIENT SYSTEMS
P.O. BOX 7186

MOUNTAIN VIEW, CALIFCRNIA 94039

ABSTRACT

Dipole antennas are often used in tactical direction-finging (DF) custerns,
Dipoles, however, are bas:cally narrowband ante~na:, no® ideat!y -uited tor
this application. A madified Jipg'e, called the "lrav: ng-wave dig =",
avercornes the drawbacks of the conventionai dipnie. The TWD has fairiy
constant input impedance and radiation properties as 3 function ot lengin

and freguency, which aliow a DF systern performisce super.ar 0 ibat

avatlable with the conventionai dipole.

»H. Cook was formerly with GiE G3C WD ana 1= now with Foirg

Aerospace 8 U ammunication Carp., Faio Avto, TA,
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.0 INTRODUCTION

i
o

7ot

o

¥

.:' "_;‘L__
E

The most cornmon antenna configuration used in tactical HF-VHF-UHF

&

N

direction-finding systems consist of four vertical dipoies arranged in a

o

e e
'y

square, in the manner of a four-element Adcock array as shawn in Figure

-

=

1. Four sets of dipole antennas are used to cover the 20 to 1000 MHz

o

i
=

BN range. The arrays are stacked vertically on @ metatiic supoorting mast
S8
Al according to frequency band, with the smallest array on top of the mast.
pYo The direction of an incoming signal is determined by comparing the times
J
"22": of arrivai of the RF signal at each baseline, which usi.ally consists of two
ok . . , .
i‘ﬂa. adjacent dipole antennas. The DF accuracy of the antenna arrays sepends
»
0 : on the following:
*I
s
3N
e

A. The Spacing Between Dipole Antennas in Each Baseiine

The larger the baseline, the better the DF accuracy. However, tne

C )

’

maximum spacing is limited by the wavelength at the highest

P
')

»‘;;' aperating frequency. |f the spacing exceeds on2-nalf waveiength,

\) . - .
::'i‘ arnbiguities witl occur.

) B. The lrpedance and Radiation Pattern Characteristics of The

2 Dipole Antennas .
The performance of the cipole antennas in each, *r-.uerly band 5

determined by the number of arrays used t¢ cover the regu.red

e frequency range of 20 to 1000 MHz. It shouic Le nctec *hat

' . .

~»

"l "
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vy

190

- e )

’.0:'.5
o
-

-,

AT O P W i e * K] U T I L (¥, J(x f AN U S L Y WO e N Y A XY RN YT
R R R R A AR e o R B A b L e s Y M e

L

-
(o)

¥, 0 8.0°0 ¥



R

S

]

. ditferent bands have different operating bandw.dth. ine .avier—
AN _ _
fwg frequency bands typically have iarger nandwidths wniie the migrer —
[
\" ] . R
"§§a; trequency bands are required to cover only octave freguency bands.
AR

"y Dipole antennas, are inherently not broadband anterras. The overali
f"‘
b ;
t;é: system performance will be better it the frequency coverage ot
!'& 4
By} . , . . e
B0 - each array is kept relatively smatl. Unfortunateiy, each add™t cne!
o array means a higher mast, more RF distr.butior compenents, or
ty
1y, ) ) o ) o
::v.' more receivers, which will increase tre recnanicar Comaiexity and
\'::i

o cost.

AN
i
>*. C. The Similarity in Performance of Ditferent Cupote Antenna,

§]

o
‘» hd

The far-field phase character:stics of each dipc'e shoutd be rearly
identical, although calibration can elirmingte sormie of the errore

however, it is time-consuminy and costly.

b Although this type of system usually consists of four or more sets ot

J antenna arrays. A three array system has recentiy peen proposed.

s 2.0 TECHNICAL DISCUSSION

gn : Conventional dipoles are relat:vely narrow band anternas. For zrelat.vely
thin dipote (L/D > 40), a VSWR of 3:1 can te chta:nes aver aporos.mately

i . a b0% bandwidth. For dipoles.with an L/D ratio ess than 1d, a VSwA of

N less than 3:1 can be obtained over aimost an octave. Thne LF ratio,

191
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however, cannot be reduced indefinitely because of the increase in waighs

and wind resistance. The commaon approach to design the oipoles for the

e .
e TN

20 to 150 MHz band is to make the dipoles as long as passible vefore the

radiation patterns split and have rulls on or near the horizon at the highest

B
i operating frequency. The pattern split usually ocours when the ‘ength cf
Ef the dipole antenna approaches 1.4 . Therefore, if the length ¢f the dipole -
: antenna 15 iimited to 1.4x at 1:0 MHz, it will be less than C.2x at 20
§! MMMz, A conventional dipoie antenna whose electrical fength i less thar .
) (.2x is characterized by low etficiency and extremely high VEWR, .=
f* practice, however, the dipole antennas are made even shorter, on the order
‘ of 1.0 or less at 150 MHz to reduce mutual coupling between the dipoie
£ pairs and between the dipoles and the metallic supporting mast, thus
'?: further degrading the VSWR at 20 MHz. The high VSWFR's are especially
undesirable for this type of DF system because Gf the interaction between
. the components, which introduces additional phase errors and degrades the
systems accuracy. Hence, DF systerms using conventional dipoies often use
: attenuators at the output of the antenna in order to improve the
:., impedance rnatch between the dipoles and the RF orocessing cormponents.
‘I:. This is dernonstrated by the measured impedance of a conventional dipole
;:. which was designed for a prototype 20 to 150 MHz tactical OF system
Sigure 2 iltustrates the swept input impedance of this dipc'e for 2C *o 157
.t FAHZ in free space (no mutua! coupling). The detted ''re represents the -
mput tnpedance measured at the input to the dipele, anc the solid line
regresents the input impedance at the output of the transformer w.th a 4 ’
i dB attenuator in series. These attenuators, valued in the 4 to 5dB range,
.

o
e AT 6 Pt MO £ M e v
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‘ unfortunately reduce the systems sensitiv:ty over tne entire operating
5 trequency range. Although the lower frequencies of the 20 to 150 i-iHz
: band are in the externaily-noise-iimited range, a 4 or 5 dB lgss 1n the
J antenna gain can be easily recovered with RF amplifiers. A 4 or 5 dB loss
at the higher frequencies in the 20 tc 150 MHz band, however. wii’
;; severely degrade the systern sersitivity. A broadband dipole ar-znra o
W needed for this application.

3

¢ Ore of the candidates proposed tor this DF system s the traveiing-wave
dipoie antenna. The traveling-wave dipoie, first introduced vy Aitshiier
f. in 1960, 1s capable of operating over a broader fregquerncy range than the
;- conventional dipoles because of a resistor which is inserted in each ra!t of
iﬁ the dipole at approximately one-quarter A/4 from the end of the dipole at
; a frequency near the high end of the operating range.

i

1. Altshuler, Edward E., (July 1961) pp. 324—329, "Thre Traveling Wave

Linear Antenna”. IRE Trans, APS.
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This antenna aperates on the principie that a pure traveiing wave can pe
created by terminating a transmission imne n 'ts cnaracter:stic
impedance. If the transmission line is terminated in an open circuit, a
single traveling wave can be obtained by placing a res'stor equal to the
characteristic resistance of the line in series with the l:ne cne-quarter
trom the open circuit termination. The linear dipcle is in twg ways .
simitar to the transmission line with the open circuit termination. First,
it ends in an open circuit. Second, a standing wave current distrobution '
exists on the antenna. it seemed reasonabie to assume that it 18 poss.ne
to create a traveling wave on a dipole antenna by placing a resistor

one-quar ter wavelength inseries from the end.

When this arrangement was carried out experimentally, a traveling-wave
current distribution was measured or. the dipole wher the proper value
rasistor was used. VSWR of less than 2.0:1 over a 3.0:1 freguency range
was repor ted by Altshuler. Aninductor in paraliel with the resistor was
later introduced® in order to improve the efficiency ot the dipcie antenna
at the lower aperating frequencies where a considerable armount of the

excitation currents are dissipated in the resister.

2. Guertier, R.U.F_, Collyer, GE., (April 1874} p. 13, "A Brcad Band

Traveiing-Wave Dipole", Amateur Radio (Australia).
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3.0 EXPERHIMENTAL RESULTS

A comparison of traveling wave dipoles and conventional dipales for use m

a HF-VHF direction-finding system is presented next:

3.7 One important difference between the trave'.ng wave d.pole and
the conventional dipole antenna is the var.ation cf the .nput impedarce
with operating frequency. As the electrical lengtn ot the antenna var.es,
the input impedance of the traveling wave dipoie remains neariy constant
while that of the conventional dipole changes considerably as shown in

Figure Z.

The measured input impedance of a 6.5 ft traveling wave dipole, des:gned
to operate from 20 to 15C MMz is shown in Figure 3. We rmeasured the
impedance at the output of a balun transformer and was not correcte? tor
its insertion ioss. Compared with the .nput impedance ¢! the convertionai
dipole, this is well behaved. The VSWR is iess than Z.i:-1 over auout two

octaves.

We measured the gain of this traveling wave dipole antenna 3t the outout
of the balun transformer: the results are shown in Figure 4. The gair 5f 3
conventional dipole antenna., which was designed to cover the 20 2 30
MHz band of a protaotype DF system, was also tested and the results are

also shown in Figure 4 for comparison.

|

|
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3.2 The second advantage of the traveling-wave ampoie for tnis

particular application is in 1ts radiation pattern characteristics. it canoe
operated over a relatively large frequency range with smal! variations.
Although the radiation pattern of a conventional dipole starts to split
when the length of the dipole approaches 1.4 ), the radiation pattern of a
traveling-wave dipole of the same length does not, and it still provides
good coverage on the horizon, as shown in Figure 5. Thus, the traveling
wave dipoles can be made electrically longer thus improving the VSWR at

the lower operating frequencies.

3.3  Another advantage of the traveling wave dipole used for this anplicaticr
that it is less sensitive to its surroundings when it is placed in a four element
square array, with a center mast, because of the traveling wave cur-ani
distribution. We measured the mutual coupling of two pairs of dipoles; one
conventional and the other traveling wave, from 100 to 600 MHZ; the resu!ts are
shown «n Figure 6. The length ot the conventional dipoles was 18 inches ang that
of the traveling wave dipoles was 40 inches. |t can be observed that the coupling
between the two traveling wave dipoles is at least 10 dB better than that ot the
twn conventional dipoles above approximately 300 MHz. Hence, i* was not
surprising to discover resonance problems and gain dropouts at discrete
frequencies {(a* the higher operating ‘requencies) when the gain of the individue’
conventional dipoles was rneasured in the array configurat:orni. Wher tne four
conventional dipoles of the prototype 20 to 150 MMz DF array were regiacs:

with traveling wave dipoles, the gain dropouts disappearea.

L SLY



> o Y

e

¢
p
e e
* "“

\

LAM AN

4.0 CONCLUSION

Present HF-VHF-UHF tactical direction-finding systems use conventional
dipoles to cover the frequency range from 20 to 1300 MHz. Insome cases
five sets of dipoles are used to cover the range with reasonable phase and
sensitivity performance. In some cases, to reduce the physicai size of the
array, only three sets of dipoles are used; attenuation is added to improve
the phase performance at the sacrifice of sensitivity and pattern
performance. The traveling wave dipole offers the advantages of both
systems. A system consisting of three bands of trave!ing wave dipales can
offer the performance of a conventional four-band system and the size

reduction of a three band system, without the degraded perfcrmance.
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Figure 1. A Tactical HF/VHF/UHF Direction-Finding System
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for a 20-150 MHz Tactical UF System
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Input Impedance of a Traveling Wave Dipole

Figure 3.
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- REDUCTION OF COUPLING BETWEEN COSITED ANTENNAS
':é%: BY SEPARATION OF NEAR FIELDS
e
;%g D.V. Campbell, P. Dubowicz, R. Hoverter
0% + U.S. Army Communications Electronics Command
Fort Monmouth, NJ

,‘" .
)
;3% . Abstract
'l’a
X Duplex radio communication systems often experience

crosstalk interference caused by strong interaction of
"Q‘ the cosited transmitting and receiving antennas. This
Kﬁ paper explains an easily implemented method whereby
‘&L high interantenna decoupling may be achieved between
ﬁ' two cosited antennas over a broad frequency range.
) This approach is based on minimizing radiation coupling
L by separating the antenna near fields and by
Ca suppressing extraneous parasitic rf currents on the
_ﬁ- outer conductors of the coaxial cable antenna feed
.{,tj lines.
A An experimental VHF antenna system consisting of
- two cosited biconical antennas was tested to evaluate
"4 the feasibility of this near field separation
5 technique. Experiments show that an interantenna
Ay isolation exceeding 30 dB from 30 to 90 MHz can be
yé' achieved for an antenna spacing of only 8 feet, A
T conventional installation would require at 1least 40
T#. foot antenna separation to achieve the same isolation.
q{% Computer modeling by the method-of-moments and a
Al theoretical model based on Hertz dipoles support the

experimental findings.
e 1. Introduction

The performance of a duplex radio communication

oy
R
:pn system may be impaired and unpredictable unless the
A
e mutual coupling between its cosited antennas is
e ) L e
%¢| minimized.
\}
p,!’l
ﬂg For a given separation, it is well known that
L}
b
i g .
+tr colinear antennas provide greater interantenna
A
e
3ﬂ§
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G

isolation than parallel side-by-side antennas. For
example, colinear dipoles separated by 1.5 wavelengths
will provide 35 decibels isolation. On the other hand,
a separation of 7 wavelengths would be required to
obtain 35 decibels isolation with the parallel
side-by-side antenna arrangement.,

By providing enough spacing, interantenna isolation

Pa—

can, in principle, be reduced to an acceptable level as

- e

- e

dictated by system requirements. At VHF, however,

where one wavelength may be 10 meters, neither the

colinear nor parallel side-by-side antenna arrangement

Yy ook

: is practical because of the large separation required.
The antenna system discussed below provides high
K interantenna isolation with close spacing by means of
'y polarization mismatch which decouples the near fields.
With this simple approach one can obtain 35 dB

isolation or more between antennas separated by only a

X fraction of the wavelength, However, since the

\ antennas are tilted with respect to the vertical, the

i resulting equatorial plane radiation pattern becomes X
; non-circular. The pattern distortion may be tolerable,

; however,

2 2. ISOLATION BETWEEN HERTZ DIPOLES IN FREE SPACE

2.1 Radiation Coupling

Free space radiation coupling sets an upper bound

206
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for the achieveable interantenna isolation. It can be
controlled by antenna spacing and orientation. To
establish this upper bound a simplified model
consisting of two short dipoles (Hertz dipoles) may be
used. See Fig 1.

The interantenna 1isolation 1is defined as the
fraction of the total power radiated by one antenna
which is intercepted by the other. The isolation

between Hertz dipoles arranged as in Fig 1. is given by

Po/Pr = 9/16(1/x% - 1/x% + 1/x%)cos?a (1)

where x=2 v r /A, r is the spacing, A is the free space
wavelength, and A 1is the angle between the dipoles.
The isolation is shown in Fig. 2. For spacings greater

than 0.5 wavelength, the isolation is

- 2 2
PR/PT = (9/16x7)COS “A (2)

with an error of less than 10%. The Friis transmission

(1]

formula reduces to (2) when the antennas consist of
current elements.

2.2 Impedance Mismatch

Impedance mismatch adds to the interantenna

(2]

isolation and is given by

g=1- (s-—1)2/(s+1)2 (3) ]
1
|

(RO "
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where S is the voltage standing wave ratio. Either

antenna may be mismatched.

3. ORTHOGONAL HALF WAVELENGTH DIPOLES ABOVE GROUND

3.1 Method-of-Moments Analysis

The model discussed above provides a good estimate
of the achieveable isolation between two dipoles in
free space. 1In this model only radiation coupling was
considered,

Scattering from the ground affects the antenna
radiation patterns and the interantenna isolation., To
determine these effects the method-of-moments was used
to model the antenna system. The solution was obtained
by means of the MINI-NUMERICAL ELECTROMAGNETICS
CODE-MININEC [3]. MININEC solves for all rf currents
in the radiating system and calculates input impedances
and radiation patterns,

The antenna system modeled consists of a pair of
half-wave dipoles over ground. See Fig. 3. In order
to include scattering from the transmission 1line,
vertical and horizontal conductors were also
incorporated in the computer model.

3.2 Calculated Antenna Patterns

The calculated azimuthal radiation patterns of the

E-field vertical component at 30, 60 and 90 MHz are
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given in Figs. 4, 5 and 6. At 30 MHz and at 60 MHz the
patterns are circular within about +/- 1.5 dB. At 90

: MHz, the pattern varies by about +/- 4 dB. This
pattern distortion is attributed to ground reflections
and the mixed polarization of the tilted dipoles.

3.3 Calculated Isolation

The theoretical interdipole isolation obtained from
MININEC 1is shown in Fig. 7. The isolation was

calculated by means of
= * *
PR/PT 1/2 Re (VRIR Y/1/2 Re (VTIT ) (4)

where VR is the receiving antenna load voltage, IR is

the load current and VT (IT) are the transmitting
antenna input voltage (current).
4, EXPERIMENTAL RESULTS

4,1 Experimental Antenna

A broadband antenna system consisting of a pair of

cosited biconical VHF antennas was tested to determine

the interantenna isolation and radiation patterns when
arranged for minimum coupling. See Fig. 8. In the
experimental system the antennas were horizontally
separated 3.7 meters and located 9 meters above ground.

The biconical antennas were tilted 45 degrees with

respecl to the vertical and 90 degrees with respect to

each other to effect polarization mismatch and near
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: field separation. |

ff 4.2 Parasitic Current Suppression

3{ During the experiments, high impedance cable chokes .

X were added in series with the coaxial cable

t

R transmission lines to suppress induced parasitic rf .
$ currents [4]. These cable chokes increased and

ﬁ: smoothed the interantenna isolation by eliminatng
{l extraneous coupling due to scattering from the

i%V transmission lines.

ii 4.3 Measured Patterns

% The measured equatorial plane patterns of the

é; E-field vertical component at 30, 60 and 90 MHz are

{& shown in Figs. 9, 10 and 11. Pattern distortion is

§§ attributed, in part, to scattering from buildings and

T& metal structures at the test site,

§' 4.4 Measured Isolation

ﬁ, The measured interantenna isolation is shown in

:h Fig. 12. The isolation varies from 35 decibels to 50

i decibels over the 30 to 90 MHz frequency range.

%' Conclusions -
. The mutual coupling between cosited linear antennas
;: may be controlled and reduced to an acceptable level by

i: means of polarization mismatch and adequate antenna

}, separation. Interantenna isolation exceeding 35

?f decibels has been demonstrated with only a modest
&

0
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antenna separation. The method is easily implemented
and is practical even at VHF wavelengths. The
simplicity of this method is offset, to some degree, by
the resulting pattern distortion in the equatorial
plane caused by tilting of the antennas. This pattern

distortion may, however, be tolerable.
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K & S BAND FEED SYSTEM FOR AN 18-METER
HIGH-EFFICIENCY CASSEGRAIN ANTENNA.

B.X. Nguyen, R, Rudolph, G.H. Schennum,and C.H. Tsao
Ford Aerospace & Communications Corporation
Western Development Laboratories

Palo Alto, California 94303

ABSTRACT

This paper describes the design and performance of a dual
frequenc} band (K & S) feed system for an 18-meter high-
efficiency Cassegrain antenna. The feed system consists of an
S-band circular polarized feed with a TEjy; tracking coupler,

a frequency selective surface, and a K-band circular polarized
feed employing TEg) and TMg) tracking couplers. The

frequency selective surface (PSS), consisting of four layers of
metallic cross dipoles on a flat dielectric substrate, is
tranparent at S-band, reflective at K-band, and capable of
handling 20 Kw CW power at S-band with a power safety factor of
S.7. The use of a novel K-band feed system containing an
offset ellip- soid subreflector and the FSS provides identical

amplitude and phase tapers across the Cassegrain subreflector

over both K and S frequency bands with minimum distortion to




e P A T o TF PO O TN TR TEE T lad da2 2

%3' the S-band performance, and minimum feed system blockage.

The whole dual frequency feed system is installed on an

integrated supporting structure which is easily attached to .
fM? the main reflector vertex.

J The paper discusses the function of each feed system )
X component, the feed system design, and presents results

b, showing good agreement between predicted and measured data
%é for the feed system,
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1.0 Introduction

Many existing large reflector antennas have been
designed with dual shaped reflectors (both main and
subreflector are shaped) for high antenna efficiency.
However, for those antennas operating with two widely
separated frequency bands, it is very difficult to achieve
high efficiency over both frequency bands; therefore, they
have been designed to have high efficiency in one frequency
band only. It is often desirable to up grade these antennas
for high efficlency in both frequency bands.

Pord Aerospace and Communications Corporation (FACC)
has successfully designed a K~ and S-band feed system to
achieve these objectives over both frequency bands for an
18-meter shaped surface Cassegrain antenna. The feed
system, as shown in Pigure 1, consists of an S-band circular
polarized feed with a TE3] tracking coupler, a frequency
selective surface (PSS), and a K-band circular polarized
feed employing TEg); and TMgj trackings couplers. The
frequency selective surface, consisting of four layers of
metallic cross dipoles on a flat dielectric substrate, is
transparent at S-Band, reflective at K-band, and capable of
handling 20 KW CW power at S-band with a power safety factor
of 5.7. The use of a novel K-band feed system containing an
offset ellipsoid and the FSS allows the same amplitude and

phase tapers across the Cassegrain subreflector surface over
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both K and S frequency bands with minimum distortion to the
S-band performance, and minimum feed system blockage.

This paper discusses the function of each feed system
component, the feed system design, and presents results showing
good agreement between predicted and measured data for this

dual frequency feed systemn.

2.0 K & S Feed Sygstem Components

PACC's K- and S-~band feed system has a separateq feed
system for each frequency band. The S-band feed system uses a
corrugated horn to illuminate the Cassegrain subreflector
surface with a 15 4B ampliiude taper over the desired S-band
frequency band. The first ten groves of the horn were varied
in depth to smooth the transition from the horn to the circular
waveguide of the TE2; tracking coupler which is a scaled
model of the Ru-TEz1 coupler designed by Choung and
Goudey[ll. As shown in Pigure 2, this coupler has eight
coupling arms for sensing two orthogonal TEp; modes by
properly combining the outputs. Between the TEj; coupler and
the diplexer is an S-band circular polarizer having 12 fins
with dhebyshev distribution to convert a linear polarized wave
into a circular polarized wave, To provide the desired
subreflector illumination in the offset reflector geometry, the

K-band feed system employs a low phase error corrugated horn.

ho
o
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Figure 2. Layout of TE21 Mode Coupler.

The horn has its far field phase center within two inches of
the aperture, and a near field amplitude pattern exhibiting a
15 dB taper at the angle of 10 degrees of: axis with its phase
center about 6 inches from the aperture. The horn is matched )
to the circular waveguide, leading to the circular polarizer
similar to the S-band polarizer, by a ring loaded corrugated
waveguide which has four resonant axially oriented slots for
TEg] mode coupling. The circular waveguide section caries
two transverse slots for TMg) mode coupling. By maintaining
proper phase between the TEgy and TMg; modes, the tracking
system can be gsensitive to circular or linearly polarized
signals. This type of tracking coupler is inherently narcrow
band ( about 1%).

with the use of an offset reflector, and a frequency
selective surface, the K~band feed patterns are imaged to the

phase center of the S-band feed patterns.
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3.0 PErequency Selective Surface

This section briefly discusses the design and performance

of the FSS used in the dual frequency feed system shown in

Pigure 1. A full detail on the theory and design of this FSS

%& | will be given in a future paper [4], As shown in Figure 3,

%5 | the angle in incidence varies from 200 to 50° across the

;1 FSS surface., Based on FACC's experience with the FSS for the
ﬁg MJS' 77 (Voyager) program, and the availability of a computer
%ﬁ program analyzing the cross dipole performance, the cross

iﬁ dipole configuration was selected as the baseline resonating

?{ element for this PSS design.

%E Prom the empirical data and analysis, it was determined

. that a four-layer FSS will meet the K and S-Band requirements
.;E with adequate margin in gain loss and bandwidth. 1In addition,
r}' this design is capable of operating at incident angles up to 60
?f degrees. The dipole configuration and FSS construction detail
%@ are shown in Figures 4 and 5, respectively. The spacing

”3 between the second and third PSS layers are tapered linearly in
3; one plane by tapering the center nomex honeycomb core such that
f3 the spacing varies from 0.92 inches to 1.34 inches as the angle
Eé of incidence varies from 20 to 50 degrees across the FSS

'51 surface as shown in Pigure 6. This center nomex core also has
ﬁ; a large hole (approximately 2-foot) hole in it in order to

;3 minimize the heat generated by the film adhesive at S-band

RN radiated power., Cross dipoles need not extend much beyond the
%ﬂ J4-inch diameter center of reflection of the PSS.

b
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Figure 4. FSS Dipole Configuration.
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3.1 E=Band Reflectivity
A 13" x 13" four-layer PSS test sample with a 1.5 inch

T
[

.
-l

. nomex center core with the construction detail shown in

Pigure 5 was tested for performance. The transmissivity was

measured from 12.0 to 16.0 GHz using the test setup sketched

o) in Pigure 7. The transmitted power to the receive horn is
referenced to the response with the FSS removed. The

) measured responses are shown in Figures 8 to 1l for incidence

angles of 30 and 60 degrees for the E-plane and H-planes.

Since the insertion loss of the PSS is theoretically

negligible, the reflection loss can be calculated from the

9 relationship Py = 1-Pp , where Pp is the absolute

‘ transmitted power and PR is the absolute receive power.

Transmissivity data shows that the maximum transmission is

greater than 20 dB down from the reference for all incidence

Pl R Y

angles and all frequencies within the operating band. A 20
dB level indicates a reflection loss of less than 0.05 dB.
The theoretical response of the four-layer test sample for
the H-plane and E-plane are given in Figures 12 and 13,

respectively, over the frequency range of 11 to 17 GHz.

. Unfortunately, the test equipment setup was unable to record
data beyond a 12 to 16 GHz band, so that a comparison of
measurement and theory at the band edges could not be made.
The theory used is termed a periodic moment method in the

literature, and consists of a plane wave expansion in
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Pigure 7. PSS Transmissivity Test Set-Up.

conjunction with mode matching at the dipole interfaces.
This method yielded excellent correlation over a broad band
of frequencies when compared to the single layer Voyager
data. A typical response plot showing this correlation is
given in FPigure 14, This comparison was made of a test
sample in a waveguide simulator so that the angle of
incidence varies from 28 to 48 degrees across the frequency
band (sin i = A/2A) as indicated in the figure, This
excellent correlation gives a high credibility to the

multiple layer predictions. N
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3.2 S-Band Transmissivity

In order to minimize the PSS loss at S-Band, a matching
layer was added to the 2-layer K-Band design so that the FsSsS ':
configuration will total four layers. The matching technique
is illustrated in Pigure 15 for a 2-layer FSS. This analysis
is an approximation as it ignores multiple reflections, but it
does show the principles involved. The important result is
that the spacing should vary inversely with the angle of
incidence. For mechanical simplicity it was decided to use a
linear taper in one plane to match at S-Band as previously
shown in Pigure 6. The calculated performance for the selected
spacing is shown in Pigqure 16.,. The performance was rigorously
calculated using the same method as for the K-Band analysis,
and the optimization of spacing was obtained by iteration. The
calculated transmission loss of the four-layer FSS over the
S~Band are shown in Pigure 16 for E and H planes. The 13" x
13" 4-layer test sample described in Section 3.1 was measured
for S-Band performance and compared to theory. The
reflectivity was measured at 1.7 GHz, 2.0 GHz and 2.3 GHz for
an angle of incidence of 30° using the test setup sketched
in Pigure 17. The reflected power to the receive horn was
referenced to the response of a metal plate of the same shape
and area as the PSS, The measured results are given in Table
1. It should be noted that the purpose of this test was to

correlate measurement with theory. The test sample spacing was

16
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1.5 inches between layers two (2) and three (3) which is

optimum for an incidence angle of 50°, The test chamber in
which the measurements were made restricted data taking to a
maximum single of incidence of 30° because of the chamber

gsize. The accuracy of the measurements given in Table 1 is
limited by the coupling between the horns which was measured to
be 18 dB or an error of 0.07 4B in transmission loss. The
correlation between measurement and theory 1s considered good

based on the results and measurement error.

3.3 S=Band Power Handling

The power density based on a near-field calculation at the
PSS surface is shown plotted in Figure 18. The calculation
assumed a transmit power of 20 KW degraded by a loss of 0.56 4B
to include the loss between the transmitter and feed. The
maximum power density, as shown in the figqure, is about 42
watts/in2 and occurs between 3 and 4 degrees off the z-axis.
The power loss at the PSS surface is given by the
relationship:
P a ft tand VG;-Ez (1)
Where £ = frequency
t = dielectric thickness
tané= loss tangent of dielectric
€r = effective dielectric constant

E = magnitude of the electric field

17

237

SEARATY ACRRN PR O M T e T e T T Ve
O AT AL S e o S o et Lo e



3
Neh .

Ky

TRANSMISSION 10SS  (dB)

TRANSMISSION LOSS  (dB)

& Ly A a” a® d® "M .
Ay Y2 SR

W TN W PR O

0.0 H-PLATE
0.1 - = N Vi
’ v
" Y4 \
0.2 Z o )
e’ \
0.3 s =\ 3.;’
0.% :
45°
0.5;
A/ .
1.0 1.% 2.0 2.5- 3.0
FREQUENCY IN Gz
0.0 E-PLAE
7 : =
0.1 ::-"‘)’ N
'5./ )
0.2
0.3
0.4
0.5
1.0 1.% 2.0 2.5 3.0

ST T ey
4

FREQUEICY IN GHz

Pigure 16. S-Band Calculated Loss.

]
.

Ty




x-v POWER
RECOROER ETER
SIGNAL
SOUNCE

IVE
L
[
(4
FS$ or METAL
REFERENCT PANEL
TRANSNIT
BOm

Figured7. FSS Reflectivity Test Set-Up.

Table 1. Measurements of Four-Layer Test Sample at i= 30°.

Trequency Calculated Measured
(Qig) Transwuission Loss(d8) Transuisaion Loss(dB)
H=Plane I~Plane H-Plane l E-Plane
e .01 .01 .04 .02
2.0 .12 03 .11 41
1.3 .33 30 37 21 J

e ]




From equation (1), it can be seen that the dielectric
properties of the materials nearest the peak electric fields
primarily determine the power handling of the FSS. The test
results and analysis indicate that the electric fields are very
concentrated at the tips of the cross dipoles; therefore, the
dielectric materials near the dipoles shoula be carefully
selected., The test sample based on this design and previously
tested for reflectivity and transmigsivity (see Pigure 5) was
powver tested using the test set-up sketched in Figure 19,

It can be shown that the maximum power density inside a

waveguide is given by the expression:

Pq = 2Py / (ab) (2)
Where Py = maximum power density which occurs at
a/2
'Pt = transmit power
a = waveguide "a" dimension
b = waveguide "b" dimension

For the test set-up of WR 430 waveguide
(a = 4,3 inches, b = 2,15 inches)
Pgq = 0.216 P, (3)

The insertion loss between the directional coupler and the
point at which the PSS was suspended (0.5 inches from waveguide
aperture) was calculated to be 0.33 dB, The relationship
between the power density at the PSS test sample and the power
density at the plane of the test coupler is then given by

Pg = .20 Ppq (4)
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Where Pem = transmit power at measuring plane
of test coupler.

* The test results performed on the final four-layer test

sample are summarized in Table 2. The results show that the

test sample passed with a margin of + 7.6 dB over rated power

in the region without nomex core between layers 2 and 3. The

sample was not warm to the touch at the conclusion of the test

so the margin is probably significantly more than the test

margin of + 7.6 dB or a power safety factor of 5.7. The

{ failure at +6.3 dB occurred at the epoxy bond line which bonded

layer 2 to the nomex center core in the outer region of the

test sample. The epoxy in this region is only separated from

the cross dipoles by the 2 mill mylar to which the dipoles are

y bonded. As the result of this power test, the center nomex

*i core of the final PSS panel will have a large 2-foot hole

‘ around the highest power density area to increase the power

B handling capability.

3.4 PSS Depolarization Effects

The axial ratios of the S~-band horn alone, and those of
» the PSS/S~Band horn combination were measured with a linear
rotating source technique. Based on these results, the axial
ratios of the PSS were computed at both K and S frequency
bands. The results are shown in Table 3. As shown in this

table, these predicted axial ratios are in good agreement with
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those computed from the reflection and transmission

coefficients generated by PACC's computer program.

Table 2.

Sample at 1.8 Ghz.

PSS High Power Test Results on 4-Layer Test

Safety

Region on Test Sample Power Density Test Duration Factor(d8) Comments

Corner of Sample. Nomex 2 . u. <

Core bonded between layers 120 watts/in 90 minutes 8 ample passed.

2 and 3.

Corner of Sample. 180 wltts/inz 120 minutes + 6.3 Sample ratled. Core

Normex Core bonded disection showed

hetween layers 2 and charring of the

3. epoxy wnizh bonds
layer 2 and Momex
core.

Center of Sample. 180 watcs/in’ 12¢ minutes v 6.3 Sample assed.

No Nomex Core in Core dise=zion

thia region. showed no internal

' fallures.

Center of 3ample. 240 uatts/inz 120 minutes + 7.6 d8 Sample cassed.

Yo 'lomex Core In Layers 3 2n? 4

this region. previously re-
~aved allzwed look
1% layer I. 3amole
419 not even fee]
warm i~~e2i3tely
after tect.

Table 3. Tabulated Axial Ratios.
(1) ( (1) 4
Frequency Axial Ratio of Axial &3tio of Axial Ratio of Axial(R;tio of Dercézgage
Feed Feed & FSS £5S Fss 0ifference
(Based on (1) & (2)) {Computer Results)
1800 M4z 1.091 {or 0.75 dB) 1.223 (or 1.75 ¢8) | 1.191 (or 1.52 d8) 1.186 (or 1.18 d8) +3.8%
2200 "Mz 1.103 {or 0.85 d8) 1.389 (or 2.6 dB) ] 1.219 (or 1.72 dB) 1.247 {or 1.31 ¢8) +2.3%
13.0 GHz 1.023 (or 0.2 d8)
15.0 GHz 1.278 (or 2.1 d8B)

veasured data without the FSS.

teasured data with che FSS.

e ——— T T O T e A Y O R TP T T WY U W T YO W RO W W N R R
FHAWTTERN T AW T ™ &1

(N Computed data based on (1) and (2).
(1) Zomputed data from computer program.
(5)  oercentage Oifference » ‘olt3ge Ratlo in (4) - Yoltage Ratio In (3)

Toltage Ratio 'n (3]
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4.0 K- & S-BAND FEED SYSTEM DESIGN

The system design has been constrained by a requirement to
use an existing main reflector and its supporting structure;
therefore, the following design procedure is served as a guided
line.

* Dpesign a shaped subreflector surface such that the
current main reflector surface can be reused.

* pesign an S-band feed horn such that its patterns
are approximately within +4dB of the ideal surface
shaping feed pattern (Gaussian) at 150 off axis.

* Design a K-band feed system employing an offset
reflector and an FSS to produce, the same amplitude
taper over the Cassegrain reflector surface as that
of the S-band.

* Design an FSS which is transparent at S-~band,
reflective at K-band, and capable of handling 20 KW
CW power. (The design of the FSS was presented in
Section 3.0).

4.1 Righ-efficiency Casseqrain antenna

By using a special computer program, FACC was able to
design the new geometry of the l8-meter high-efficiency antenna
with the main reflector surface shape almost identical to the

existing one; therefore, the current main reflector and its

supporting structure can be reused.
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With the new antenna geometry, as shown in Pigure 20, a
Gaussian feed pattern with 15 4B amplitude taper at 15
degrees will produce an uniform amplitude distribution over

the main reflector aperture plane.

4.2 E-_& S-band feed system geometry

The S-band feed system geometry is the same as that of a
conventional high-efficiency Cassegrain antenna; therefore
the design of the S-band feed system involves only the design
of an S-band horn which produces the near field patterns
aproximate to the ideal pattern in Section 4.1 at a distance
equal to that between the feed pattern phase center and the
Cassegrain subreflector vertex. Using the technigues
described by Thomas, and James [2]:[3] an s-band corrugated
horn was designed, and its near field patterns were
computed. A typical S-band amplitude pattern, as shown in
Figure 21, exhibits a taper of 12 4B at the angle of 15°

off axis.

The design of the K~band feed system is much more
involved since it employs an offset reflector and an FSS as
the mirrors to produce patterns at the same location and the
same beamwidth as those of the S-band. In order to maximize
the K-band efficiency, minimize the distortion to the S-band
performance, and minimize the total feed system blockage, the

following design criteria were employed.
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Pigure 20. 18-Meter High-Efficiency Cassegrain Antenna.
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a, The offset reflector aperture must be at least 20
wavelengths to capture adequately the K-band horn
radiated energy.

b. The K~band feed system structure must be kept clear
from the cone angle of 30 degrees with its vertex at
the S-~-band phase center.

¢. The K-band feed system structure must produce
minimal shadow on the main reflector aperture plane.

d. The K~-band feed system structure must be mounted
along the shadow of one of the supporting struts.

The design of the K-band feed system was based on ray
optics and physical optics. Pirst, a ray tracing computer
program was exercised to find a feed system geometry which
could transform a 10 degrees beamwidth of the K-band horn
pattern to a 30 degrees beamwidth at the S-band feed pattern
location. The results of the analysis indicates that an offset
hyperboloid is not a viable candidate because the feed system
geometry violates the design criteria b and c. The results

also shows that an offset ellipsoid is a very potential

candidate, and a good combination of a position of the FSS and
the eccentricity of the ellipsoid produces a minimal shadow on
the main reflector aperture plane. The final geometry is shown
in Pigure 22, Based on this geometry and the near field
patterns of the K-band horn, a special computer program

developed at FACC was exercised to compute the pattern
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reflected from the PSS, The computer program uses the physiéal
optics to compute the patterns of a reflector immersed in the
near field of a radiating source. The computed patterns at 15
GHz, shown in Pigures 23-24, are very close to those discussed

in Sectio 4.1.

4.3 K- & S-band feed gystem performance

The K- and S-band feed system was built, and their
patterns were measured at FACC antenna test range in Palo Alto,
California. The typical results at K- and S-band are shown in
Figures 23-25. Aa shown in these figures, these results are in
good agreement with the predicted results. Pigure 26 shows an
S-band feed pattern in the asymmetrical plane measured to +180
degrees. It shows an abnormal high side lobe at 100 degrees
off axis which was caused by the reflection from the FSS.
Since FACC computer modeling treats the PSS as a completely
transparent surface at S-band, we could not predict this
sidelobe; however, our antenna wide angle sidelobe pattern
computed with this feed pattern (see Figure 27) does not shown
a serious degradation to the antenna system sidelobe

performance,

29
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Figure 23. K-Band Feed Patterns in the Symmetrical Plane.
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Pigure 24, K-Band Feed Patterns in the Asymmetrical Plane.
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Computed and Measured S-Band Feed Pattern.

Figure 25.
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5.0 CONCLUSION

| PACC has successfully designed and manufactured a K- and
S-band feed system which enables an 18-meter high-efficiency
Cassegrain antenna to have high antenna efficiency over both
frequency bands. The feed system employs an offset ellipsoid
and an FSS to achieve the same amplitude and phase tapers
across the Cassegrain subreflector. The FSS is transparent
at S-band, reflective at K-band, and capable of handling 20
KW CW power with a power safety factor of 5.7. The whole
feed system assembly is installed on an integrated supported
structure which can be easily mounted to the main reflector
vertex., Although the design presented in this paper is for
an K- and S-band 18-meter high-efficiency Cassegrain antenna,
the design approach can be used to design the dual frequency

band feed system of any reflector antennas.
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. LOW-LOSS SYMMETRIC OFF-AXIS FEEDS FOR
¥ SYMMETRIC DUAL-REFLECTOR ANTENNAS
\#q

'y

b T. Veruttipong, V. Galindo-Israel, W. Imbriale
“ Jet Propulsion Laboratory

Ii California Institute of Technology

‘ Pasadena, California

ABSTRACT

Circularly symmetric dual-reflector high-gain antenna

systems often require feeds placed off the system's axis because

LREASAA

of the need for multiple feeds to use the refiector antenna.

<

:3 Also, the constraint requiring the hyperboloid or shaped

V: subreflector to remain circularly symmetric 1s sometimes added.

: In a Cassegrain system, the subreflector and feed may be rotated
2 off axis around the paraboloid focus and retain main reflector
§T focusing. However, substantial spillover results in considerable
;3 noise in a high gain/noise temperature system. In a shapad

D)

g system, rotation of the shaped subreflector and feed together

é; results in substantial defocusing as well as spillover noise.

ﬂ{ If the subreflector is rotated approximately one-half .the angle
;§ of the feed rotation in either the Cassegrain or the dual-shaped
:: reflector antenna, it is found that spillover and noise are
Eg substantially reduced with tolerable defocusing. An extensive

bt

E; numerical analysis of these effects was conducted to determine
Y the characteristics of a planned 70-meter dual-shaped versus
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Cassegrain antenna and to determine some understanding of the

cause of tne observed effects.

L. INTRODUCTION
In large ground antenna systems, it is often necessary to
use multiple feeds for the same main reflector. Thus, a number
of feeds can be rotated off the axis of the symmetric main
reflector, each illuminating a rotated subreflector, often the
same subreflector that is rotated into position for a given
feed. This type of antenna system is shown ian Figures la and lb.
In some systems, such as the Jet Propulsion Laboratory (JPL)
70-meter upgrade of the 64-meter antenna, the subreflector can be
more than 200 wavelengths at 8.45 GHz. There is a coansiderable
cost savings possible if a circular symmetric subreflector is
used in place of an asymmetric offset subreflector. This is

especlially true for shaped reflectorsl’z’3

that have no parent
circular symmetric reflector from which they could be cut. The

circularly symmetric subreflector can also be useful for feeds

located on the axis of the symmetric main reflector. This would
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result in "best" or "reference' performance, given the ability
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to "retilt" the otherwised tilted subreflector.
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In the study of the off-axis feed antenna system, the tilt

angle of the feed relative to the tilt angle of the subreflector

)
R R SN
LR L "y S {‘ﬂ
AR Ch CR BT TR Lt



A R A T R T U T U TR TR TR TER LN TR TR TUN R PO N TP TN Y= Rl et L2 8 4 g o8 o b 4 5 gL dia darbagaian s dig

.
)
(]
)
U

was varied; the absolute angle of the tilt was also varied.
These tilt angles for the feed (@) and for the subreflector ()
are shown in Figure 2.

The actual point of rotation of the feed and subreflector
depends upon the type of reflector design used. For a
Cassegrain (parabola/hyperbola) system, the obvious choice for a
rotation point is the paraboloid focus. For a dual-shaped
reflector system, the choice is not obvious. The "optimum"
choice for the shaped reflectors is discussed later.

In either case, when large (in wavelengths) reflectors are
used, the off-axis displacements of the feeds may be many tens of

wavelengths. Consideration will be given to the characteristics

of a 70-meter dual-reflector antenna that is an upgrade of a
National Aeronautics and Space Administration/Deep Space Network

(NASA/DSN) 64-meter design with off-axis feeds (see Figure 2).

2. GAIN RESULTS VERSUS OFF-AXIS ROTATION

There are two types of off-axis rotations of the feed and
subreflector. In one case, B==a: that is, the subreflector
and feed are rotated by the same angle. For the Cassegrain
system, note that, in this case, the phase on the main reflector
remains correct except where the main reflector becomes

L underilluminated.
M

BT = 2
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I In a second case, 83=Q/2. For this choice of 3, we find
R
Ly A . . .
N that the main reflector remains neither under- nor
1)
TaiC¥al
"% overilluminated. However, it is clear that a phase error is
[\ .
A
A introduced for the Cassegrain system. The significance of the
AR
":\:‘: proper amplitude illumination of the main reflector is that
5 .
&‘:7» . . . ..
e spillover past the main reflector results in a large receiving
‘0 noise from a relatively hot Earth behind the main reflector. 1In
e |
{;, the case when 3= /2, the feed is always pointed toward the
_\:_‘.:-
. center of the subreflector.
g As a function of @, the Cassegrain system maintains a
RI
0?‘: better gain curve than the shaped reflector antenna for §=Q
¥
;I'|‘0 . . .
:.:" (except for noise considerations). The dual-shaped reflector
L)
b -$ system maintains a significantly better gain curve than the
A
3
§.: Cassegrain for 8 =@/2 (providing an optimum rotation point is
"
{:l chosen).
“3..' The gain ve:sus @-angle curves for the 70-meter lesigns are
) !
e
J: h shown in Figure 3 for the Cassegrain and in Figure 4 for the
Yy
~P~_. dual-shaped reflector systems.
(L% 0%
: The gain versus @ curve for @ =@ in Figure 3 is relatively
b
'%\ . . .
‘) flat, although the noise temperature increases with @. The .
“
SN principul cause of a loss in gain is reduced illumination on one
A . . . . . .
__._., side of the main reflector (discussed in detail later). This .
AT
"""‘- . . . . .
::: reduction could be eliminated by choices of an offset asymmetric
e
-;:;-: hyperboloid. However, the offset asymmetric subreflector can be
¥
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v used for only one Q angle and is more costly. The B8=a/2 gain
3%
3
AR . . .
:y:ﬁ curve for the Cassegrain antenna drops off rapidly with
Oe™ 7w
&
B . . . .
\:fm increasing @ because of an increasing aperture phase error. In
.
g?‘ this case, however, the illumination amplitude across the main
e
ff;ﬂ . reflector aperture has considerably less spillover and,
Aty
:ﬁﬂ: therefore, there is considerably less noise collected. Note also
Arg that for the 3= case, there is no beam-pointing shift. The
\f:.i'j
:}ﬁ: beam points in the 8 = 0 direction for all @. For the case with
o
A B=a/2, there is an approximately linear shift of beam-pointing
" direction as indicated in Figure 3.

The geometry and dimensions for the Cagssegrain system under

T study are shown in Figure 5. An experimental corrugated horn

;::S feed was used for the dual-shaped reflector antenna geometry

{k;% shown in Figure 6. The overall dimensions of the two antenna

wos

L systems were kept approximately the same. The Cassegrain

“)w subreflector was illuminated with a -10 dB taper at the edge of
M

x'z the subreflector.

ﬁ‘gg The dual-shaped subreflector was illuminated with a -16 dB

ifd taper at the edge of the subreflector. The dual shaping was

3&3 chosen for a maximum gain. There was a small taper allowed near

'{i: the edge of the main reflector. A slight extension of the main

reflector beyond the geometric optics edge was introduced to

4
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reduce the noise temperature increase that normally comes from

T
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h)
kﬁ?; the tapering edge of the subreflector scattered pattern. The
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N subreflector was synthesized with a vertex plate blended into
4 1
Qu the synthesis.
]
b
5: The gain versus @ results for the dual-shaped reflector is
{| shown in Figure 4. For @ = 0, the gain of the dual-shaped

! reflector is about 0.75 dB higher than for the Cassegrain system.
The relative aperture efficiencies (spillover and depolarization

accounted for) are 80.5%4 for the Cassegrain and 96.5% for the

e dual-shaped system (in both cases for @ = 0%).

&

f The actual frequency for these computations was 8.45 GHz.

-~ The radius of the main reflector was taken as 986.3 wavelengths.

‘ .

.: The computations were greatly facilitated by the use of a GID

ot . . 4,5,6 .

3 analysis of a subreflector and a Jacobi-Bessel ’~’" analysis

o of the main reflector scattered field. Various global and local

L

f& interpc.ation methods7 were employed to analyze the shaped

i_ subreflector and main reflector.
-f The gain versus @ angle results for the dual-shaped antenna

b (see Figure 4) show that the performance for the case 8 =a

‘l

¥ degrades rapidly and badly because of the introduction of both a

p*. phase and an amplitude error in the main reflector aperture

. distribution by the rotation of the feed and sub- reflector as a .

l’: unit. The degradation in gain caused by the underillumination

P of amplitude only is greater here than for the Cassegrain .

»

$ antenna because the object illumination function resulting from

.l

5 dual shaping is nearly uniform. |
D
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When the shaped subreflector is rotated by the angle B=a/2
around the appropriate point of rotation, the results in gain
versus @ angle are comparable to the Cassegrain gain versus Q
angle results for the 8 = q case. Note that the shaped
reflector system has the advantage over the Cassegrain of a
lower noise amplitude distribution. Further explanation for
this result will follow in the next section.

A relevant question at this point is: Why is 8=a/2 an
"optimum" value of 3 as opposed to some other fractional portion
of @? It does turn out that 8 =@/2, the amplitude distribution
oun the main reflector, has a minimum underillumination. In
Figures 7 through 9, show the gain of Cassegrain and dual-shaped
antennas as a function of the B-angle (rotation angle of the
subreflector) with the @-angle (rotation angle of the feed)
fixed.

For the Cassegrain antenna (with @ fixed at 10.520), note
that the gain peaks when 8= @. This is expected because the
aperture phase is correct at 8 = @, and the phase is more
critical than the amplitude. For the dual~shaped reflectors,

the result is quite different. In this case, the gain peaks at

approximately 8 = @/2 for both a = 10.52° and @ = 4.482°
(see Figures 8 and 9). Again, the phase, as well as the
amplitude, is an optimum. As noted later (for the shaped

reflectors), the phase function is optimum at approximately

anrid
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: B = @/2 when the "best" rotation point is chosen. This is
o
S
»%tf related to the fact that the field scattered from the
kgt
e subreflector has an extended set of two caustic surfaces as
oW
%r; opposed to the single caustic point for the Cassegrain antenna.
o
ﬁgg These caustic surfaces are discussed later.
§
(‘! . . . ’
@b% All the preceding results were for circularly symmetric
LPLA A

subreflectors, shaped and conic. For the case 8 =Q/2, the

:zﬁt Cassegrain system suffers a phase error in the main reflector
‘.,‘
B 4(8
e = q i £f
VO aperture. For the case 8 =Q, the Cassegrain system suffers an
A
!“’ amplitude distortion with subsequent increased receiver noise.
rir . -
;z{; Both of these deficiencies can be removed with an asymmetric
sy
'*¢t hyperboloid (in the plane of rotation of the feed and
e subreflector). Results for comparison with asymmetric
‘%:3 hyperboloid subreflector are shown in Table 1. For @ less than
My
AN Y
5 o . .
,1;1 about 6 , there is only about 0.1 dB difference between the
;9_. various cases (see Figure 3), although the asymmetric reflector
i
190G
' ?3 does give marginally better performance. The 8 =Q/2 case does
Y]
Y give equivalent results with a less expensive symmetric
e
oo hyperboloid. Note that when diffraction from the subreflector
o L C )
Sg{. 1s ignored, the gain is increased by 0.1 dB, a direct measure of .
Q§S spillover loss for the Cassegrain (usually much higher for
iwl
electrically smaller antennas).
N .
:{? A final point for consideration in this section is the
a0
- . . . .
oy determination of the point of rotation of the subreflector and
L}
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Table 1. Cassegrain Gains (dBi)

e Concentric Cassegrain B =a=go° 74.90
W
‘: . Asymmetric Hyperboloid B =a = 4.5165° 74.86
LN
~ Asymmetric Hyperboloid B =a = 4.5165 74.96

. ’ (No Diffraction from Sub)
&
|."

. Symmetric Hyperboloid B =a =4.5165° 74.71
el . . Qa
e Symmetric Hyperboloid a = 4.5165 (B = 7) 74.82
::q'::‘
.,‘:’.‘
g

!

r ]
_;,"" feed for the dual-shaped reflector system. Because an incoming
'.:'|
AN 4
;'l'. plane wave reflected from the shaped main reflector will not
v\
:ﬁ': come to a point virtual focus, the precise optimum point of

h rotation is not immediately clear. 1In Figure 10, all rays do
»‘ intersect along a caustic line behind the subreflector (in the
Ao

i

i non-rotated position). For a Cassegrain antenna, this line
::: ‘4 degenerates into a point. Actually, this caustic arises from
Y
LX)
:E::; the curvature out of the plane of the paper. It would seem that
Wl
ot an "optimum" point of rotation for the shaped system would lie
-‘._, within the limits of this caustic line.
NN
oy .
}‘ :E The position may be weighted along the caustic by plotting
it
. the caustic intersection point versus position (p) along a
'J' ' radius of the main reflector (this is also shown in Figure 10.)
1N

'
;‘ : For the Cassegrain, all rays intersect at a fixed z position:
r ARy
x"
w the focus. For the shaped system, different radial positions
B
Y '.’
E"l
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3
ot
‘,l'v.
:p- along the main reflector correspond to different positions of \‘
3' intersection along the z-axis. Because the main reflector
f’ aperture distribution is nearly uniform, an accordingly weighted .
; mean z position may be chosen as an optimum point of rotation.
54 A more direct method of choosing the optimum point is ;
;gt observed in Figure ll. The feed lateral displacement is fixed:
&5 AX. Then, the subreflector is rotated to the position B=al/2
‘ot
;; with different points, F’, of rotation. It is known from
4|
Lj experience that 8=a/2 is an approximaﬁely optimum ratio
§ between @ and 3 for the shaped reflectors. The optimum
%% position, F’, of rotation is in the vicinity of the weighted
%
-¥f curve of Figure 10.
&% Figure 10 notes that the main reflector line caustic
':-S z-position doubles back on itself near P = 975A. Thus, there
._ is an additional intersection of rays off the z-axis. This
j intersection is the caustic from curvature of the field in the
E 2 plane of the paper.
e
.- 3. FAR-FILLD PATTERNS AND REFLECTOR CURRENTS
iiﬁ In this section, the far-field patterns of both the ‘
o
:f” Cagsgegrain and the dual-shaped 70-meter antennas are presented
. as a function of the @ and B angles (the 8= a, and the B=a/2 ’
{ § cages). The main reflector current distributions will also be

reviewed to obtain some insight into the characteristics of
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these antennas with @ and B angles of feed and subreflector
rotation.

Figure 12 shows the far-field patterns of the 70-meter
shaped and Cassegrain systems with @=/3 = 0, the concentric
case. In addition to the vertex plate on the subreflector of
the shaped reflectors, the shaped main reflector also has an
extension that serves as a noise shield; i.e., it shields the
feed from the average 240 K ground noise in that critical area
of sharp energy dropoff near the main reflector edge. The
shaped system attains about 96.6% efficiency, whereas the
Cassegrain system attains about 70.2%4 efficiency (with a -10 dB
feed taper and blockage not accounted for). Spillover and
cross~polarization losses are accounted for in tnese
computations.

The pattern degradation of the Cassegrain system with
increasing angle @ is not great because the main reflector
currents remain properly in phase over most of the reflector,
except the underilluminated portion. The degradation is,
however, more apparent for the 8 =0a/2 case. This is illustrated
in the patterns of Figures 13a and 13b. Note that the vertical
gain scale is shifted for each pattern; the change in gain
between patterns is noted next to each pattern. Of gpecial
interest is the actual beam pointing direction for each pattern

noted next to the pattern by Gh. With a 3-dB beamwidth of
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less than 0.050, the beam shift from the concentric @ =3 = 0°
case 1s many beamwidths.

The pattern degradation is very great for the shaped
reflectors antenna when @ =f. This is clear because even when
the subreflector and feed are rotated about an optimum point on
the caustic (see Figure 10), there is substantial phase
defocusing for the @ = 3 case. However, for the 8 =a/2 case,
the defocusing is substantially reduced, and the beam is shifted
with considerably less loss in gain and degradation in pattern
structure. This is shown in Figures l4a and 14b.

Of special interest in the far field is what occurs to the
phase and the amplitude monopulse patterns when the feed and
subreflector are rotated so that 8 =a/2. To observe this effect
with the Cassegrain antenna, a "synthetic' feed monopulse pattern
was used. This pattern, as well as the sum pattern for the
Cassegrain feed, are shown in Figure 15. The effect of the
asymmetry for the case with q = 4.52° is shown in Figure 16.
Although the "null" of the amplitude pattern is not as deep as
for the @ = 0° case, and the phase shift of 180° at the sum
pattern maxima is not as sharp, the monopulse pattern is usable.

Before the currents on the main refs¢ctor are investigated,
it is of interest to look at the @ = 0° concentric scattered
fields from the shaped subreflector and the hyperboloid

subreflector. These are shown in Figure 17. The patterns are
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for the near fields in the vicinity of the main reflectors. It
is apparent for such large subreflectors (approximately 200 A),
that the vertex plate is extremely effective. Furthermore, the
optical projection approximation accounting for subreflector
blockage is also accurate. Also apparent is the relatively
precise secant squared behavior (for high gain) achieved by the
shaped reflector system.

The current distributions on the main reflectors in the
plane of feed and subreflector rotation are shown in Figures 18
through 21. Both amplitude and phase, at the Cassegrain and
shaped systems, and at the 8 = @ and the 8 =Q/2 cases are also
shown. The object is to gain some further insight into what is
occurring within the reflector systems that causes the result im
gains and the far-field patterns that have already been observed.

In Figure 18 shows the paraboloid currents as a function of
parameter @ when 8 =a. (The curves are displaced vertically so
that their relative functional characteristics is easily
compared.) Note that the phase curves remain flat except where
underillumination of the paraboloid occurs (to the left). The
underillumination is evident in the amplitude curves. The
underillumination to the left is matched by an overillumination
to the right. This over illumination increases the noise of the
antenna substantially for a ground system antenna looking toward

zenith. The overillumination receives the averaged approximately
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t.' 240 K ground radiation, as compared to an overilluminated space
i antenna which would receive approximately 2.7 K galactic noise.
This is one of the principal motivations for using rotation

;-- angles 8 =Qa/2 for the feed and subreflector of a Cassegrain

'j antenna.

‘:; When 8 = @/2, the over- and underillumination of the

:;é: paraboloid is reduced substantially. This is observed in

, Figure 19 over a wide range of Q from Q = 0° to a= 14.52°.

}‘: The penalty for this well illuminated paraboloid in amplitude is
:" a phase error illumination, which is also observed in

:$ Figure 19. A linear beam-shift phase term has been subtracted
f. from the phase curves so that what is depicted as displaced from
:; a flat curve is a phase error. As observed in Figure 3, the

3,33 phase error is not significant (relative to the @ = B case)

"-:: . o

" until @ is greater than 6 .

::' For the dual-shaped reflectors, the situation is very

;': different. When @ = B is maintained and @ is iuncreased, not

:?: only does a poorly illuminated main reflector suffer in

! amplitude, but also in substantial phase error. This is shown
’3 in Figure 20. Also, the amplitude over~ and underillumination
W effects are more severe here than for the Cassegrain antenna

. because the illumination amplitude is nearly uniform or flat. )
E This is a result of the secant squared subreflector scattered
E pattern (see Figure 17).

:-‘.
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j As a result, it is fortuitous that rotating the

1

E: subreflector with 8 =Q/2 gives such excellent results for the
S: dual-shaped reflector antenna. The current distributions for
av

. this situation as a function of the parameter Q@ is shown in

-

;: Figure 21. The phase curves are relatively flat for a large
k.

2i range of @ (after subtraction of the appropriate linear beam
W

N shift phase). The resulting gain curve as a function of g (see
(¥

éj Figure 4) is comparabl. to that obtained for the Cassegrain

h

curve, although higher in value as a result of the shaping.

™
P

The main reflector current curves clarify what is occurring

PRy

to the amplitude distribution on the main reflectors when a =3

- e w

: A Kt

and when 8 =Q/2. 1t is clear that when @ =3, a large noise

temperature can occur for ground system antemnnas louvking

2

- upward. It is also clear that setting 8 = @/2 will largely

* P

ﬁ alleviate this problem for both the Cassegrain and the

L2

;; dual-shaped reflector systems.

{

\

; It is also clear why the main reflector current phase

[

b behaves well (nearly flat) for the Cassegrain antenna when 8 =a.
L)
- However, an understanding of why the main reflector current

\

l‘
'ﬁ phase curves are as flat as they are for B8 =Q/2 requires
[
? further investigation.
o

0
b
> 4. CAUSTIC CHARACTERISTICS OF THE SUBREFLECTOR SCATTERED FIELDS
[

}: Further insight into why the shaped main reflector phase
&. current distributions arce as flat as obscrved for B= a/2 (sce
R

.t

}'

(]
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¥ Figure 21) can be obtained by studying the caustic surfaces of
the geometrical optics fields scattered from the subreflector.

In the plane of rotation of the feed and subreflector, the

-

Gaussian curvature matrix is diagonal (by symmetry), and a line

caustic for the radius of curvature out of the plane -R0 can

FAE

be observed; another line caustic for the radius of curvature is

- Ao =

parallel to the plane —Rp.

-
-

A set of the above line caustics (for different @) can be

ay
N ALK,

plotted relative to the subreflector and relative to the main

£

reflector. When the caustic lines relative to the main

T

1: reflector for @ = 0° and for @ > 0° are plotted, then a

;} relative comparison can be made of how much the a > 0° caustic
* lines deviate from the ideal @ = 0° caustic line. This

E deviation is a visual measure of the phase distortion that is

;E observed on the main reflector for @ > 0°

) For the Cassegrain antemna and @ = f3, both caustic lines

.% degenerate into a point for all a@a. This point is the focal

point of the hyperboloid and paraboloid. When 8 =@/2, caustic

ER R b §

lines are obtained as shown in Figure 22. In Figure 22, the

raustic lines are plotted relative to the subreflector for all

1]

n . To observe the caustics relative to the main reflector, each
i
- caustic must be rotated about the rotation point (focal point)
‘: by the value of Q.

~l
. L]
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In Figure 23, the same caustic lines are observed in an
enlarged diagram. The rays emanating from the caustics are
tangent to the caustic surfaces. For the R0 curves, the rays
are tangent to a cusp of the surface in the plane of the paper.
The rays depicted in the top diagram are all directed toward one
end of the main reflector. However, because of the rotation of
the feed and subreflector assembly, the maiu reflector is
rotated for each caustic line by q; i.e., the curves are plotted
relative to the subreflector. (The rays appear parallel, but
they are not.) The lower diagram of Figure 23 shows rays
distributed to all parts (in the plane) of the main reflector.

The computation and plotting of the caustics are performed
during a geometrical optics analysis of the field scattered by
the subreflector. 1In this analysis, two radii of curvature are
computed by the equations shown in Figure 24. These radii of
curvature, R1 and Rz, relate directly to Ro and Rp, but
not uniquely or consistently (a branch choice must be made). In
order to relate Rl and Rz to R0 and Rp through the
scattered field (Q fixed), the expedient of making the
subreflector cylindrical is used as indicated in the lower

diagram of Figure 24. This immediately makes Ro extremely

large (less than infinity because of the spherical wave incident (
upon the subreflector from the feed). The curvature Rp is not :

changed by this artifice. An appropriate match of R, to Ro

1

or Rp and of RZ to Rp or Ro 13 made accordingly.
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The principal motive for examining the caustic lines is to
further understand the phase characteristics of the dual-shaped
reflectors. The caustic lines for the shaped subreflector
scattered fields are very different from those encountered for
the field scattered by the hyperboloid. This is apparently true
for offset as well as circularly symmetric-shaped reflectors.

Figure 25 shows the caustic lines for the field scattered
by a focused feed from an offset shaped subreflector.s’ 9
Note that the vertical scale for the inset diagram is many times
greater than the scale for the full diagram; thus, the Rp
caustic is extremely large. The wavefront scattered from the
subreflector is nearly planar in the plane of the diagram and
near the extremities. It is also now clear that the line
caustic discussed earlier and displayed in Figure 10 is an Ro
caustic or is due to curvature orthogonal to the plane of the
diagram.

The Rp caustic lines for different @, with B=a/2, are
displayed in Figure 26 for the 70-meter shaped reflectors. They
have a character which is similar to che offset shaped case of
Figure 25, but which is distinct from that of the Cassegrain
system. In Figure 26, the Rp caustics are shown with respect
to the subreflector. In Figure 27, the same Rp caustic lines
are plotted with respect to the main shaped reflector. The

subreflector is appropriately located only for the a = 0° case.
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- The main reflector is to the left, fixed for all @ values. Note
;; that the caustic lines, for various @, all lie nearly parallel,
(ﬁ: ) especially for a < 6°. Thus, the phase of the geometrical

%‘ optic field incident upon the main reflector will be relatively
‘ﬁ unchanged for 8 = a@/2. This phase compensation occurs in

addition to very little over- or underillumination of the main
reflector. Therefore, the shaped reflector performance with 8 =

a/2 is very good.

In Figure 28, observe the Ro (curvature orthogonal to the

] l‘-‘
P o

diagram) caustic characteristics for various @ for the same

e

ES 70-meter shaped reflector system. Note again that with respect
A

'ﬁ} to the main reflector (right-hand diagram), the caustic lines
;,‘ .become much closer. The enlarged diagrams of Figure 29 show

Sij this more clearly.

-

J

'_».‘_* S. CONCLUSION

.

aﬁ In a circularly symmetric high-gain dual-reflector antenna
ti system, a very substantially off-axis feed displacement can be
%t_ accommodated while retaining a circularly symmetric subreflector.
SS This can be done with little gain or gain/noise temperature

‘;; (G/T) loss for both Cassegrain and dual-shaped reflectors. In
\- - both cases (the Cassegrain and the dual-shaped antennas), it is

found to substantially improve the performance if the

Y subreflector is rotated off-axis by an angle 8 that is one-half
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) the angle of rotation of the feed-Q@. This is imperative for the
kY -

{ shaped reflectors because there is no unique phase center about
.

i whieh to rotate the subreflector and feed. However, to obtain
r

‘ an optimum G/T for the Cassegrain (as well as the shaped)

"

reflectors, it is found that maintaining 8 = @/2 is important.

P

e A

Although the main reflector phase distortion is kept fairly
small, the relationship 8 = @/2 ensures very little spillover of

energy past the main reflector into a hot (270 K) ground.

In the hypothetical Cassegrain system discussed in this

paper, no noise shield was used. Thus, the noise temperatures

<

:_‘ shown as a function of a (feed rotation angle about the
:; Cassegrain focal point), with 8 =0a/2 or 8 = @, are higher than
. ’ can be obtained with a noise shield.

{‘ The temperatures shown in Figure 30 are more or less

’

':’, significantly different than the lower or higher that the total
noise temperature of L. santenna is found to be. A typical good

:EE: system (a DSN 64-meter antenna) may have a noise temperature
':5 distribution as shown in Table 2.
. If the dichroic and rear spillover noises are removed from

" the zenith elevation values of Table 2, about 14.6 K remains. ‘

3: The noise temperatures displayed in Figure 30 can be added to

>

- this value as a function of @ and G/T values can be obtained as

Y a function of @ for the Cassegrain system used herein for 8 = Q
1A
"S and for 8 =@/2. This result is displayed in Figure 3la. Note
N |
3 274 ?
l
!

j" Y R N, L e AR S et

AT N S S T o S L
o, 9‘.!"“' % .-x: A _Ix‘ih "-.\'h \ a " -.,..._ -_ R P

-, i -
VR

‘5 i E
3 ‘,'i-l'n,‘ [N T a! b

»




il Sl )
o Moo b p Y
T =y T Y R T T R T R TR IO T RO T AR TR TR T

Table 2. Noise for Very Good Cassegrain

Noise Source Zenith K 30© Elevation
Amplifier 4.0 4.0
Waveguide at 300 K 4.7 4.7
Dichroic Surface 2.0 2.0

Galactic Noise 2.7 2.7

Atmosphere 2.6 5.2
Antenna

Quadrapod 2.6 5.2

Rear Spillover ~0.4 ~0.2

Total ~17.0 K ~22.0K

in Figure 3la that the G/T performance is superior for the B =

R (

@/2 case despite the phase error introduced by the 8 = @/2 value

P

of the feed location. This is a direct result of the

4

substantially flat and low noise temperature found for the 8 =
@/2 case (see Figure 30). The difference in the G/T curves in
Figure 3la would be even greater if a noise shield were built

into the Cassegrain design. The difference is slightly less if

N 5577

0

»
I

a less optimistic noise temperature fo: the system is assumed:

Tovsrem = Tantenna = 20 ¥

S LAY,
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This result is shown in Figure 31b and would apply for antenna

elevation angle below zenith.
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IMPROVING THE PERFORMANCE OF A SMALL REFLECTOR ANTENNA

M. Lewis, J. Toth, R. Kliger, and W. Miccioli
Raytheon Company, Missile Systems Division
Bedford, Massachusetts 01730

ABSTRACT

Techniques for alleviating the performance problems encountered
in small (w20)) reflector antenna configurations constrained to re-
side within a given volume are discussed. Small F/D systems generate
a highly curved parabolic surface which tends to minimize aperture
diameter, resulting in gain and beamwidth degradation. Enhancing the

gain and beamwidth properties of a small gimballed reflector is described.

The performance enhancements are achieved primarily by increasing
the projected area of the antenna aperture within the confines of a
given sphere. The methods presented incorporate the principles of
dielectric loading and surface stepping to achieve a reduction in the
physical depth of the reflector. The increase in gain achievable is
highly dependent on the particular antenna configuration (gimbal sphere
diameter, F/D, etc). Commensurate with the increase in gain (and per—-
haps of equal value) is the decrease in half-power beamwidth afforded
by the larger diameter aperture. Included with the theoretical dis-
cussion are experimental results obtained for a typical Ka-band re-

flector system.
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: 1.0 INTRODUCTION

& Seeker antenna aperture size is typically governed by missile
<
K. body/radome diameter. In most cases, the largest diameter aperture
L

'? possible is desired in order to maximize antenna gain and minimize v
L r

~ antenna beamwidth. Gimballed seeker antenna diameters are even more
g

sy

1R restricted, since often not only the antenna aperture but also asso-
3

' ciated combining networks and receiver circuits must be mechanically
” steered. Packaging of all of these assemblies so that they reside
)

‘.:: within the allowable gimbal sphere (as indicated in Figure 1) greatly

-~
-
-

reduces the available antenna diameter and the achievable performance

{ o)

characteristics.

.
[ 2o

alx

r e

Reflector type antennas, popular at millimeter wave frequencies,

)

offer a simple mechanical assembly with high power capability, but

they require substantial aperture depth to achieve the parabolic sur-

It
< . e . .
.y face. As seen in Figure 1, a significant increase in projected aper-
Ry
"
ture area could be obtained simply by flattening the paraboloid. Such

N reduction in depth would result in a larger diameter antenna, with
‘ﬂ higher available area gain and a sharper antenna beam. This improve-

)
a0 ment in performance is particularly significant for small reflector
_:j antennas (€20A in diameter) with small F/D. This paper presents two
. \
- potential methods for reducing the required paraboloidal thickness by
[\~

)

g either dielectric loading or surface zoning. Thus, in each case, the

.ﬁ theoretically infinite operational frequency band is sacrificed for a
= |
'j narrow, defined frequency range of optimum operation and minimal

E iperture depth,

- |
- 314 !
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2.0 DESIGN SUMMARY

The specific design goal of this application was to maintain the

desirable properties of the conventional parabolic reflector while

o~
w

- 4

\ "flattening” the reflector profile to obtain a larger diameter radia-
ting aperture. Particular emphasis in the ensuing investigation was on

improving antenna gain and beamwidth characteristics without a signifi-

Tl il

cant increase in mechanical complexity.

The first method employed reflector surface zoning, »r "stepping",
E as illustrated in Figure 2. With this technique, the designer selects
portions of reflector surfaces from among a family of parabolas that
o share the same focal point. Equation (1) is the equation that governs
? these parabolas. It is easily derived from the requirement that all
; geometrical ray paths have the same electrical phase (modulo 27).
Examination of the central ray path with this requirement in mind leads
to the conclusion that the parabolas must be separated by A/2 along

their axis of symmetry.

!

-

y2 = 4(f + ”_)21) (x + ﬂ%) where n = 0,1,2...n ¢h)

© o

Although the zoning technique does increase the available aperture
size, it will introduce concentric ring ''shadow" regions at each re-~
flector surface step, as suggested in Figure 3. These regions are not

directly illuminated by the feeding element of the reflector and repre-

1O T o - -

) sent a loss of aperture area that must enter into the overall tradeoff

A

of gain versus diameter. Therefore, a particular configuration will

M allow a certain maximum number of surface steps based on a given gimbal

sphere radius, a prescribed gimbal center offset, and satisfaction of
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the relative phase requirement. Not all steps need to be or should be
provided because of step shadowing effects. Steps can be skipped and
then compensated for by taking larger step sizes (i.e. skipping one or
more parabolic surfaces) in an attempt to maximize the available un- P
shadowed projected area.

Figure 2 shows a typical example in which five steps are possible; 3
but as indicated in Table 1, the largest projected area occurs by
taking only two steps, because the shadowing incurred by additional
steps outweighs the area increase achieved from a greater overall dia-
meter. For this case, the maximum increase in gain is .3 dB over the
gain of the standard parabola commensurate with the given gimbal sphere
radius and offset. Gain may not be the only parameter of interest.
Since the antenna beamwidth is primarily dictated by the overall aper-
ture diameter, a different set of steps will be necessary to minimize
the beamwidth. A second inspection of Table 1 indicates that with only
a slight decrease in unshadowed aperture area (i.e. gain), the aperture
diameter can be maximized by using three surface steps. Indeed, this
may be a better compromise configuration when all system parameters
are considered.

The second method of performance enhancement may be visualized as
loading the reflector with a low (€,.<3.0) dielectric constant )
material. This makes the reflector physically more shallow, as illus-
trated in Figure 4, allowing the dielectric reflector to be moved
closer to the center of gimbal rotation and providing two beneficial

effects. The first is the direct increase in diameter available from

316
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TABLE 1
STEPPED PARABOLA GAIN CHARACTERISTICS
“ Step Number * Relative Relative
Confiquration 5 4 3 2 1 Projected Area Gain (dB)

1 0 0 0 0 0 1.00 0 l
4 2 0 0 0 0 1 .78 -1.1 l

3 0 0 0 1 0 .94 - .3

4 0 0 0 1 1 .84 - .7

5 0 0 1 0 0 1.00 0

6 (4 0 1 0 1 .88 - .6

7 0 o 1 1 0 .96 - .2

8 0 ] 1 1 1 .89 - .5

9 0 1 0 0 0 1.04 .2

10 0 1 0 0 1 .88 - .6

11 0 1 0 1 0 .98 - .1

12 0 1 0 1 1 .91 - .4

13 0 1 1 0 0 1,03 .1

14 ] 1 1 0 1 .91 - .4

15 4] 1 1 1 0 .99 0

16 0 1 1 1 1 .93 - .3

17 1 0 0 0 0 1.04 .2

18 1 0 0 0 1 .85 -

19 1 0 0 1 0 .96 -

20 1 0 0 1 1 .89 -

21 1 0 1 0 0 1.03

22 1 0 1 0 1 .91 -

23 1 0 1 1 0 .99

24 1 0 1 1 1 .93 -

25 1 1 0 0 0 1.06

26 1 1 0 0 1 .90 -
\ 27 1 1 0 1 0 .99

28 1 1 0 1 1l .93 -

29 1 1 1 0 0 1.05

30 1 1 1 0 1 .93 -

31 1 1 1 1 0 1.01

32 1 1 1 1 1 .95 -

* ] - indicates step taken
0 - indicates step not taken
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Ay

,‘frffl moving the reflector aft and extending the edge of the parabola to in-
e (P

o tersect with the gimbal sphere. The second (although not as signifi-
wh‘ri"

\."'.inf

gg: cant) is a further flattening of the parabola produced by the now

)

a’g'i’

ﬁ&?! increased focal length. This second effect also increases the diameter ;
“S& of the parabola, as indicated in Figure 5.

K

;;"E, Equations (2) through (5), which define the pertinent parameters
%‘5@"‘ '

#&“2 for this reflector's contour, are readily derived from Snell's Law and

' | geometrical optics considerations. All quantities in these equations
L2 g\

P
fﬁ$2 are defined in Figure 6.
Setly
At L = Tref®08%-%,
{» 1 : (2)
o cos, L\/e_ﬁﬁ-sa.nze.)
: i i
el
%, \fe-sin?e,
4 L, = 1 1
.%3::3 2 (3)
'.4':*'.'! -"E

ﬁ'q
L) h = d+L
::'-.:'Q (4)
el L = r_tane,

!‘ﬁl ‘

Ffa;% 4 - tan8; (r  COSB;-x , (5)
177"“ -

i:.;é'g \/e(\/e +‘/e-sin26.)

L‘, ? 1

$

)"';:

s

B The dielectric filled contour will be more shallow than the free
{i space parabola. Thus, the end result is a larger projected aperture
DL
™ .
$§ ; area with no additional shadowing. Higher gain is not guaranteed be- )

\
o
il cause of the impedance mismatch at the dielectric to air interface.

Aats -~
ﬁﬂa The impact of this effect must be weighed against the increase in dia-
“ 9
: s meter achievable and other antenna performance parameters. Methods of
e

"

6__‘|‘!
fal, controlling the impedance mismatch must also be contemplated, such as
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maintaining a low dielectric constant loading and incorporation of
matching surface-coating layers.

The benefits of either diameter enhancement method described above
are gated to some extent by the gimbal offset length "a" introduced
in Figure 1. A large offset increases the parabola curvature, which
in turn reduces the subtended diameter. As the value of "a" becomes
small compared to the initial diameter of the reflector (%;*50-1), the
benefits of these two techniques diminish accordingly.

To determine the magnitude of "shadow" region and surface impedance
mismatch effects, flattened reflectors of each type can be compared to
a standard reflector of similar diameter and focal length. 1In this
manner the reduction in gain measured with the two modified reflectors
would indicate the efficiency factor introduced by the two subject
methods. The results obtained can then be used to determine the poten-

tial benefits of each enhancement technique.

3.0 EXPERIMENTAL RESULTS

The three reflectors that were fabricated and tested are illustrated
in the photograph of Figure 7. The stepped parabola and dielectric
filled parabola were fabricated from aluminum by a numerically con-
trolled machine, while the simple parabola was made from a machined syn-
tactic foam plated with copper. A square .605A x .605\ open-ended wave-
guide radiator was positioned at the focal point of each of the reflec-
tors as a feed. The square waveguide was connected to an orthogonal
mode transducer allowing for dual polarized operation. The square wave-

guide feed was operated in the dominant TE10 mode.
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The test fixture used in the anechoic chamber during measurement
of the reflector antennas is illustrated in Figure 8; it shows the
simple parabola mounted with the square open-ended waveguide feed. The
test fixture has 4 degrees of freedom, which allows the alignment of
the feed and reflector to be controlled with a moderate degree of accu-
racy. The three dimensional alignment is accomplished with 3 indepen-
dent precision micrometer drives and one axis of rotation for the feed.

Typical measured H-plane radiation patterns (out to +40° from the
axis of the mainbeam) are illustrated in Figures 9, 10, and 11 for the
simple, stepped, and dielectric filled parabolas, respectively. A typi-
cal E-plane radiation pattern is shown in Figure 12 for the stepped para-
bola over -90°< # €90°. The 3dB beamwidths of all three configurations
(all 19.3 wavelengths in diameter) were approximately 4 degrees and
indicate that beamwidth is determined primarily by the outside diameter
of the reflector. The measured first sidelobe levels were below -20dB,
which is in good agreement with predicted values for these considerations.

The gains, efficiencies, and beamwidths are presented in Table 2.
The stepped parabola and dielectric filled parabola are 0.6dB and 1.0dB,
respectively, lower in efficiency than the simple parabola. The overall
efficiencies of the antennas measured were low because of feed mismatches
and losses in the square aluminum waveguide. The same feed was used for
all three configurations, so the efficiency factors listed above should

be realistic.
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TABLE 2.

MEASURED ANTENNA CHARACTERISTICS

Antenna
Efficiency 3dB Beamwidth

Gain
. Simple Parabola 32.3 dB
b Stepped Parabola 31.7 dB

Dielectric Filled Parabola 31.3 dB

4.0 CONCLUSIONS

benefit is to be obtained.

Techniques have been presented that offer the potential of reducing
the beamwidth and increasing the gain of a standard small parabolic an-
tenna. Measured data at Ka-band have been presented which define the
gain efficiency factors encountered in surface zoned and dielectrically
loaded parabolic reflectors. The relative gain measurements for these
parabolas indicate a higher than expected gain loss for both modified
reflectors. 1In the case of the stepped parabola, approximately .4dB
can be accounted for in loss from shadow regions. For the loaded re-
flector, excessive mismatch losses are suspect which may necessitate
additional surface dielectric matching layers.

The measured data also showed only minor changes in other antenna
pattern parameters resulting from the two methods. In particular, the
initial assumption that zoning and loading of a parabola have little
effect on beamwidth was clearly verified. Further effort will be re-

quired to optimize performance for each technique if the maximum

-3.35 dB 3.9°
-3.95 dB 3.8°
-4.35 dB 4.0°
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